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Properties  of  high-dose  BF2+,  Si+  + B+,  and  Ga+  implanted  Si  are 
studied  by  differential  resistivity  and  Hall  effect  measurements,  secondary 
ion  mass  spectrometry  (SIMS),  deep-level  transient  spectroscopy  (DLTS ) , 
and  Auger  electron  spectroscopy  (AES). 

15  -2 

After  high-dose  implantation  ( > 10  cm  ),  a continuous  amorphous 
Si  layer  is  formed  on  the  surface.  Innnediately  below  this  amorphous  region 
is  a damaged  crystalline  Si  region.  These  two  layers  dominate  the  annealing 
behavior  of  the  implanted  Si.  By  comparing  the  atomic  profile  (from  SIMS) 
with  acceptor  concentration  profiles  (from  differential  Hall  effect 
measurements),  it  is  found  that  ~ 100%  activation  of  boron  and  gallium 
in  the  amorphized  layer  can  be  achieved  by  recrystallization  at  550-600 °C. 
The  maximum  acceptor  concentration  for  implanted  boron  is  limited  by  the  B 
solid  solubility  in  Si.  In  contrast,  implanted  gallium  can  be  activated 
beyond  its  solid  solubility.  Lower  mobility,  however,  is  observed  in  this 
oversaturated  layer,  and  the  electrical  activation  diminishes  to  the 
solubility  limit  after  900°C  annealing.  An  inactive  tail,  located  just 
below  the  originally  amorphized  region  is  detected  in  both  BF2+  end 
Ga+-implanted  Si.  This  inactive  region  is  attributed  to  the  existence  of 
unannealed  damage  in  the  crystalline  Si  at  550-600 °C. 

Fluorine  and  gallium  redistribution  after  annealing  BF2+  or  Ga+- 
lmplanted  Si  is  examined  by  SIMS.  The  redistribution  is  apparently 
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influenced  by  ion-damage.  Inside  the  recrystallized  region,  rather  normal 
diffusion  is  seen  for  both  F and  Ga.  However,  the  underlying  damaged 
crystalline  Si  getters  fluorine  up  to  900°c.  This  same  layer  also  enhances 
the  diffusivity  of  Ga  to  a decade  higher  than  that  in  normal  crystal  Si. 

The  Ga  or  F impurity  migrates  differently  in  these  two  layers  causing 
the  comnonl}  observed  anomalous  diffusion  for  F and  Ga  in  high-dose 
implanted  Si. 

The  residual  damage  in  BF2+  or  Ga+  implanted  silicon  is  investi- 
gated by  DLTS.  Considerable  damage  is  detected  in  the  region  close  to  the 
amorphous-crystalline  interface  in  each  case.  This  agrees  with  our 
observation  of  inactive  tails  in  this  region.  A thick  pre-amorphized  layer 
by  Si+  implants  is  used  to  move  the  damaged  crystalline  Si  away  from  the 
p-n  junction  region.  A fully  activated  B profile  results  from  recrystal- 
lization of  such  a region  at  550°C. 

Surface  contamination  induced  by  high-dose  implantation  is  studied 
by  AES . Carbonaceous  surface  contamination  layers  up  to  ~ lOOi?  thick  are 
observed.  Such  layers  inhibit  etching  and  interfere  with  ohmic  contact 
formation.  No  simple  methods  are  found  to  remove  the  layer  without 
stripping  a thin  Si  surface  layer.  However,  by  using  perf luorinated  poly- 
ether diffusion  pump  oil  in  the  implanter  target  chamber  vacuum  system, 
we  find  the  contamination  layer  can  be  effectively  eliminated. 
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1 . INTRODUCTION 

After  extensive  studies  of  ion-implantation  in  semiconductors 
over  the  last  decade  [1-7],  implantation  has  been  accepted  as  one  of 
the  most  important  techniques  for  device  fabrication  as  well  as  for  semi- 
conductor research.  In  microelectronic  device  processing,  ion -implantation 
as  a doping  technique  [8,9]  has  many  advantages  over  thermal  diffusion, 
including  more  accurate  doping  control,  better  lateral  definition, 
lower  temperature  processing,  and  greater  reproducibility.  These  make 
implantation  especially  compatible  with  other  newly  developing  techniques, 
such  as  electron-beam  [10,11]  or  x-ray  [12,13]  lithography,  piasma  [14,15] 
or  reactive  ion  [16]  etching,  etc.,  for  fabricating  future  high  density  micro- 
electronic circuits  and  very-large-scale-integration  (VLSI)  devices  [17]. 

Until  recently,  ion-implantation  has  been  most  commonly  used 

11  12  -2  13  14  -2 

for  low-dose  (10  -10  cm  ) or  medium-dose  (10  -10  cm  ) applications. 

The  most  important  low-dose  applications  are  threshold-voltage  adjustment 

in  MOS  transistors  [18,19],  or  potential  well  formation  in  charge -coupled 

devices  [20],  Medium  dose  applications  include  self -alignment  techniques 

for  MOS  devices  [21,22]  and  implantation  for  predepositions  prior  to 

diffusion.  Most  heavily  doped  regions  in  silicon  devices,  such  as  emitters, 

contact  regions,  and  buried  collectors  in  bipolar  circuits,  and  source 

and  drain  regions  in  MOS  circuits,  are  commonly  doped  by  conventional 

thermal  diffusion  methods  [22]  . To  meet  the  requirements  of  geometrical 

tolerance  expected  in  future  device  technology,  however,  thermal  diffusion 

is  likely  to  be  replaced  by  high-dose  (10^  - 10^  cm  implantation. 

Since  high-dose  implants  in  Si  are  very  different  from  lower-dose  cases, 

extensive  studies  are  needed  before  these  applications  can  be  fully 


Si  is  the  formation  of  a continuous  amorphous  layer  at  the  surface  during 
implantation,  juice  these  continuous  amorphous  layers  play  important 
roles  during  annealing,  the  crystal  reordering  of  these  layers  recently 
has  been  studied  by  aligned  backscattering  methods  [25,26]  and  transmission 
electron  microscopy  (TEM)  [27,28].  Our  studies  of  high-dose  implanted  Si 
deal  mainly  with  electrical  properties  of  recrystallized  Si,  impurity 
migration  during  annealing,  and  surface  contamination  induced  by  the  high- 
dose  implantation.  These  studies  are  directly  related  to  problems 
encountered  in  the  device  applications  of  high-dose  implantation. 

In  this  work,  two  different  models  [29,30]  are  used  to  compute 
the  critical  doses  for  implanted  amorphous  Si  formation.  An  experimental 
method  is  developed  to  detect  amorphous  Si  and  to  measure  its  thickness. 
Amorphous  Si  layers  are  formed  by  BF2+,  Si+,  or  Ga+  implants  and  the 
electrical  properties  of  the  recrystallized  Si  are  studied  by  differential 
resistivity  and  Hall  effect  measurements.  The  electrically  active  residual 
damage  after  annealing  is  examined  by  deep-level  transient  spectroscopy 
(DLTS) • Secondary  ion  mass  spectrometry  (SIMS)  is  utilized  for  studying 
the  anomalous  redistribution  of  fluorine  and  gallium  during  annealing. 

Auger  electron  spectroscopy  (AES)  is  used  for  investigating  the  surface 
contamination  produced  by  high-dose  implantation.  It  is  shown  that 
decreasing  the  hydrocarbon  level  in  the  target  chamber  during  implantation 
greatly  reduces  this  surface  contamination. 


2 . EXPERIMENTAL  PROCEDURES 


2.1.  Implantation 

Ion  implantation  is  now  a widely  used  technique  of  doping  semi- 
conductors, and  has  been  reviewed  extensively  in  the  literature  [1,2]. 
Basically,  the  implantation  process  consists  of  forming  a plasma  containing 
the  desired  ions,  accelerating  the  ions  to  a high  energy,  selecting  the 
desired  ions  by  mass  separation,  and  then  directing  the  ion  beam  uniformly 
onto  a substrate.  A schematic  diagram  of  the  300  keV  Accelerators,  Inc. 
300-MP  ion-imp lantor  used  in  this  work  is  shown  in  Fig.  2.1.  To  avoid 
channeling  effects,  all  the  substrates  were  tilted  7°  from  the  incident 
beam.  Some  special  techniques  applied  in  this  work  are  described  below: 

2.1.1.  Generation  of  Ions 

11  + 19  + 11  19  -4-  + 

The  ions  used  in  this  work  are  AB  , F , B Fj  , Si  , and 
69  +.  69  + 

Ga  '.  Except  for  Ga  , all  the  ions  are  generated  in  a cold  cathode  [31] 


11  + 19  + 


11„19„  + 


from  gas  source.  BF^ ^ was  used  to  generate  B , F , and  B F2  ions. 
28  + 

Si  was  extracted  from  SiF,  , . plasma  in  the  cold  cathode.  SiH,  ..  v was 

4(g)  4(g) 

28  + 

found  to  be  inferior  to  SiF^^  in  generating  Si  , because  the  hot  filament 

source  [31]  is  required  for  SiH^^.  The  hot  filament  cathode  induces  much 

14  + 14  + 

more  ^ than  does  the  cold  cathode  from  the  residual  air,  and  ^ is 

28  + 

an  unseparable  contamination  for  the  Si  beam.  In  SIMS  measurements  on 

28  + 

our  samples  implanted  with  Si  from  the  cold  cathode,  no  nitrogen  was 


28  + 

contamination  in  the  Si  beam  is  assured  [32] . 


detected  within  the  sensitivity  of  SIMS.  Therefore,  less  than  10%  Nj 

[32]. 

_ . . in  powder  form  in  a hot  filament 
3(s) 

cathode.  A vapor  of  GaF^  ^ was  induced  by  heat,  and  was  then  ionized 
by  a discharge  induced  with  a hot  filament. 


69  + 

Ga  was  obtained  from  GaF 


Schematic  diagram  of  the  Ion  Implantation  system. 
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2.1.2.  Imp lanta tl on  Tempe ra tur e 

Substrate  temperature  during  implantation  has  substantial  effect 
on  the  removing  of  damage  during  annealing  [26] . To  achieve  better 
temperature  uniformity  and  heat  sinking.  Si  wafers  were  attached  to  a 
copper  plate  by  silver  paint  (from  Micro-Circuits  Co.,  New  Buffalo, 

Michigan)  for  room  temperature  implants.  A liquid  nitrogen  cooled  heat 
sink  was  used  for  low  temperature  implants.  In  both  cases,  the  actual 
wafer  temperature  was  monitored  by  a thermocouple  held  against  the  sample. 

2.1.3.  Range  Statistics 

A theory  describing  energy  loss  and  angular  deviation  of  particles 
during  implantation  has  been  developed  by  Linhard,  Scharff  and  Schiott 
(LSS)  [33].  For  the  first  order  approximation,  the  impurity  distribution 
N(x)  is 

0 (x-Rp)2 

N(x)  - — exp  [ f—  ] (2.1) 

cr  v/2tt  2 a 

P P 

where  0 is  the  ion  fluence,  R is  the  projected  ion  range,  a is  standard 

P P 

deviation  in  projected  range,  and  N(x)  is  the  implanted  impurity  concen- 
tration as  a function  of  depth.  A computer  program  [34]  was  used  to 

19 

perform  the  LSS  calculations  for  F in  Si,  and  values  of  the  projected 
range,  standard  deviation,  and  stopping  powers  are  tabulated  in  Appendix  1. 
For  all  the  other  ions,  a tabulated  collection  of  range  statistics  by 
Gibbons,  Johnson,  and  Mylroie  [35]  was  used  to  predict  the  projected 
ranges  before  implantation.  These  tables  include  electronic  cross  sections 
estimated  by  Eisen  [36]  and  also  appropriate  corrections  for  light  ions  [37]. 


t 


6 


These  values  are  generally  more  accurate  than  LSS  calculation  alone, 

19 

except  for  F in  Si  [33].  Atomic  profiles  after  implantation  were 
measured  in  most  cases  by  secondary  ion  mass  spectrometry  /SIMS),  as 
discussed  in  Section  2.5. 

The  range  statistics  for  molecular  ion  (BF2+)  implants  were 

predicted  by  assuming  that  the  BF^  molecule  splits  into  its  components  with 

energies  apportioned  by  mass  ratio  [39].  For  example,  a 150  keV  BF2 

19  11 

molecule  results  in  two  F with  53  keV  and  one  B with  34  keV  in  the 
Si  sample. 

2 .2 . Annea ling 

Isothermal  and  Isochronal  anneals  were  performed  in  furnaces 

having  silica  liners,  with  a continuous  flow  of  forming  gas.  For 
o » 

temperatures  ^ 900  C,  a 24  Trans  Temp  furnace  was  used.  For  higher 
temperatures,  a furnace  with  a ceramic  tube  was  used.  The  sample 
temperature  was  monitored  by  a chrome  1 -a lumel  thermocouple  and  a Fluke 
2100A  digital  thermometer. 

2.3.  Differential  Resistivity  and  Hall  Effect  Measurements 


A common  method  of  profiling  implanted  layers  in  semiconductors 
is  the  use  of  chemical  etching  or  anodic  oxidation  and  stripping  of 
successive  layers  in  conjunction  with  differential  resistivity  and  Hall 
effect  measurements  [40,41].  Since  our  studies  concern  mainly  high-dose 
implanted  Si,  this  method  is  especially  suitable  to  measure  carrier 
concentration  profiles. 
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2.3.1.  Double  ac  Hall  Apparatus 

Differential  resistivity  and  Hall  effect  measurements  were 
performed  with  a double  ac  Hall  effect  apparatus.  The  block  diagram  is 
shown  in  Fig.  2.2.  A sample  current  frequency  (f^)  of  1 kHz  and  magnet 
current  frequency  (f^)  of  250  Hz  are  chosen  to  give  a wide  frequency 
separation  for  proper  noise  suppression  by  the  lock-in  amplifier.  The 
Hall  voltage  is  detected  at  the  difference  frequency  (f^-f^)  of  750  Hz. 

The  sample  holder,  shown  in  Fig.  2.3,  fits  inside  a solenoidal  magnet. 

The  Hall  voltage  is  measured  as  difference  between  the  observed  voltages 
with  the  sample  in  and  out  of  the  magnet.  Details  of  this  system  have 
been  discussed  elsewhere  [42,43]. 

The  advantages  of  this  system  is  the  use  of  phase  sensitive 
lock-in  detection  at  the  hetrodyne  frequency.  This  results  in  excellent 
sensitivity  and  noise  rejection.  Furthermore,  Hall  measurements  using  the 
standard  dc  technique  are  hampered  by  various  thermoelectric  and  misalign- 
ment effects  which  must  be  canceled  out  by  permutation  of  field  and  current. 
With  the  double  ac  method  this  permutation  is  accomplished  automatically, 
so  that  only  a single  measurement  of  Hall  voltage  is  required.  This  greatly 
facilitates  the  profiling  of  implanted  layers  in  silicon,  in  which  many 
successive  Hall  effect  measurements  must  be  made. 

2.3.2.  Processing  of  the  Samples . 

After  annealing,  samples  ~ 120  mils  square  were  defined  photo- 
lithographically  in  a van  der  Pauw  geometry  [44]  as  shown  in  the  inset 
of  Fig.  2.3.  Electrical  contacts  — 20  mils  square  were  formed  by  evaporating 
Au  through  a shadow  mask  and  then  sintered  at  300°C  in  flowing  H^  for  15  sec. 
The  central  measured  area  of  the  resulting  sample  was  ~ 25  mils  square. 
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Fig.  2.2.  Block  diagram  of  double  a-c  Hall  effecc  system 
(after  McLevige  et  al.  [42]). 


clonal  view  of  the  sample  holder  used  for  double  a-c  Hall  effect 
nts.  The  inset  shows  the  sample  configuration  and  the  spring-loaded 
in  the  holder  (after  McLevige  et  al.^  :42] 
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Samples  exhibiting  good  p-n  junction  characteristics  were  then  separated 
by  cleaving  and  mounted  on  325  mil  diameter  nylon  discs  with  GE7031  varnish. 
Successive  layer  removal  of  Si  was  accomplished  using  a slow  Si 
planar  etch  consisting  of  1 : 750  : 250  by  volume  HF  : HNO^  : HCl^COOH. 

A fairly  constant  etch  rate  of  ~ 300A/min  was  observed.  Since  this  Si 
etch  did  not  attack  Au  appreciably,  no  protection  of  the  contacts  during 
etching  was  necessary.  To  minimize  uncertainty  due  to  variation  in  the 
etch  rate,  etched  step  heights  were  measured  periodically  during  the 
experiment.  Apiezon  W (black  wax)  dots  of  ~ 1 mm  diameter  were  placed 
about  the  periphery  of  the  sample  to  be  used  in  determining  etch  depths  at 
various  points  in  the  etching  cycle.  The  resulting  etched  step  height 
under  such  a masked  area  was  measured  every  600-800 A of  the  etching  cycle, 
using  a Sloan  Dektak  mechanical  stylus. 

2.3.3.  Data  Analysis 

For  double  ac  van  der  Pauw  measurements,  the  sheet  resistivity 

p and  sheet  Hall  coefficient  R are  given  by 
s s 


A BCD  BCE 


s In  2 


f/ABCD) 

BCDA 


(2.2) 


s/2  A V, 


BDAC(rms) 


B (rms)  I(rms) 


(2.3) 


With  the  four  contacts  labeled  consecutively,  V represents  the  voltage 

AoLi/ 

between  contacts  A and  B with  current  I passed  between  C and  D.  The  symbols 
V , an<*  ^v«nA r are  defined  similarly,  with  AV  the  Hall  voltage  in  a 
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/Vabcd'\ 

magnetic  field  B.  The  correction  factor  f^- J has  been  tabulated  by 

BCDA 

van  der  Paw  [44] . 

The  interpretation  of  differential  resistivity  and  Hall  effect 
measurements  in  determining  the  electrically  active  carrier  distribution 
has  been  thoroughly  discussed  elsewhere  [40,45].  The  sheet  resistivities 


' . n 


before  and  after  stripping  a layer  of  thickness  d^  after  step  j in  the 
etching  cycle  are  denoted  by  p and  p , respectively.  Similarly, 

Sj  Sj-1 

R and  R are  used  for  the  sheet  Hall  coefficients.  Then  the  average 

j Sj-1 

mobility  p. ^ of  the  jth  layer  can  be  shown  [40]  that 


R Rc  Rq  -R. 

j 3i-l  j-1  J 

V u "li  * — — + — * — - — 

j Hj  PS  ps  PS  -ps 

J sj  sj'l  j-1  sj 


(2.4) 


where  v is  the  ratio  of  Hall  mobility  to  conductivity  mobility.  The 
average  carrier  concentration  is  given  by 


ed  M* 

j j 


(2.5) 


I II 
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In  the  case  of  high-dose  implanted  silicon,  the  ratio  (y)  of  Hall  mobility 
(Pig  ) to  conductivity  mobility  (u^)  has  been  taken  to  be  0.73  for  high 
concentration  p-regions  [46].  The  computer  programs  used  for  this  analysis 
are  given  in  Appendix  2.  All  electrical  profiles  were  measured  on  several 
identically  processed  samples,  and  the  variation  between  measurements 
was  within  the  system  error  and  is  shown  on  the  figures  of  measured  profiles. 
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2.4.  Differential  Capacitance  and  Voltage  (C-V)  Measurements 

Differential  capacitance -voltage  measurements  on  Schottky  barriers 
or  p-n  abrupt  junctions  have  traditionally  been  used  to  determine  the 
impurity  profile  on  the  lightly  doped  side  of  the  junction  [47].  A versatile 
C and  dC/dV  measurement  system  based  on  phase  sensitive  lock-in  detection 
and  secondary  harmonic  principles  was  constructed  for  profiling  samples 
with  low-dose  implantion  or  low  percentage  of  activation. 

2.4.1.  Experimental  Apparatus 

The  block  diagram  of  the  secondary  harmonic  C-V  system  used 
in  this  work  is  shown  in  Fig.  2.4.  Through  a calculation  shown  in 
Appendir  3,  the  small  signal  for  the  diode  current  has  a first  order  term. 


which  is  proportional  to  the  capacitance  of  the  diode,  and  a second  order 


dC 


term,  which  is  proportional  to  — . The  phase  sensitive  lock-in  amplifier 

dv 


dC 


can  be  made  to  detect  C or  — , by  adjusting  the  phase  and  the  reference 

dV 


frequency.  Figure  2.5  shows  typical  plots  of  C and  dC/dV  vs.  bias  voltage. 
Through  a computer  calculation,  also  shown  in  Appendix  3,  the  carrier 
concentration  N(x)  at  a depth  x can  calculated  from  C and  dC/dV  that  is, 
below  the  surface, 


N(x) 


, x = €A/C (V), 


€qA( -dC/dV) 

where  A is  the  area  of  the  junction  and  € is  the  electrical  permittivity 
of  Si. 

2.4.2.  Application  of  the  C-V  Measurement 

Recent  work  [48-50]  has  demonstrated  that  the  zero  Debye  length 
approximation  commonly  used  in  C-V  analysis  is  not  strictly  valid  and 
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that  the  resolution  of  the  measurement  is  restricted  to  several  Debye 
lengths.  It  has  also  been  shown  [51]  th*t  the  presence  of  sharp  impurity 
gradients  in  implanted  layers  makes  it  extremely  difficult  to  obtain 
accurate  impurity  distributions  from  capacitance  data.  However,  the  C-V 
technique  is  a nondestructive  method  which  can  be  used  for  a quick  check 
of  low-concentration  electrically  active  centers. 

Most  C-V  measurements  used  in  this  work  employed  Schottky  diodes, 
formed  by  evaporating  circular  A1  or  Au  dots  on  the  Si  surface.  Using 
the  system  shown  in  Fig.  2.5,  C and  dC/dV  curves  were  plotted  on  an  X-Y 
recorder.  Then  the  concentration  profile  was  calculated  from  these  data 
as  described  in  Appendix  3.  This  method  was  used  to  check  the  electrical 
activation  of  fluorine  (Chapter  4)  and  the  carrier  concentration  distri- 
bution of  varactors  (Appendix  4). 

2.5.  Atomic  Profiling 

The  boron,  fluorine  and  gallium  atomic  profiles  presented  in 
this  work  were  measured  by  secondary  ion  mass  spectrometry  (SIMS)  [52,53] 
using  an  AEI-IM20  ion  microprobe  [54]  located  in  the  Materials  Research 
Laboratory.  In  this  measurement  technique,  the  focused  primary  ion  beam 

•f  4a 

(Cs  , 0^)  is  rastered  across  the  sample  surface  to  erode  a square,  flat- 
bottom  crater  having  a maximum  size  of  256  |*m  square . The  sputtered  atoms 
which  are  ionized  (i.e.  secondary  ions)  are  extracted  and  pass  through 
a mass  analyzer.  An  electronic  aperture  technique  is  used  to  ensure 
that  mass  analyzed  secondary  ions  are  counted  only  if  they  were  sputtered 
from  the  central  10%  of  the  rastered  area,  thereby  largely  eliminating 
ions  sputtered  from  the  crater  walls. 


i 


Under  we  11 -control led  conditions,  the  ion  counts  are  linearly 


proportional  to  the  atomic  concentration  of  the  investigated  species  in 

the  sample.  This  linearity  was  verified  by  comparing  ion  counts  for  samples 

+ 13  15  -2 

which  had  been  implanted  with  BF2  doses  over  the  range  10  - 10  cm  . 

The  conversion  from  ion  count  ratio  to  atomic  concentration  was  made  by 

determining  the  ratio  of  the  integrated  ion  counts  to  the  implanted  ion 

dose  for  an  as-implanted  sample.  This  conversion  ratio  was  then  used  to 

obtain  the  atomic  concentration  profiles  for  samples  after  annealing. 

Crater  depths  were  measured  using  the  interference  microscope  to  establish 

a depth  scale. 

30  - 

The  secondary  Si  counts  were  monitored  on  some  samples  while 
the  crater  was  eroded;  these  counts  were  essentially  constant  except 
very  near  the  surface  (100-200A).  Thus  the  sputtering  rate  was  constant 
during  SIMS  measurement  within  the  bulk  of  the  sample.  Since  we  are 
only  interested  in  the  atomic  profile  within  the  bulk,  we  will  not  deal 
with  the  data  from  the  near-surface  region  in  this  work. 

2.6.  Auger  Electron  Spectroscopy  (AES) 

Auger  electron  spectroscopy  [55]  was  used  for  studying  the 
surface  contamination  produced  by  high -dose  implantation.  In  this  technique, 
a primary  electron  beam  in  the  energy  range  of  1-10  keV  bombards  the 
sample.  This  primary  electron  beam  causes  a variety  of  secondary  processes 
to  occur,  the  most  important  of  which  is  the  creation  of  an  atomic  inner 
shell  vacancy.  This  inner  shell  vacancy  is  filled  by  an  outer  shell 
electron,  and  the  excess  energy  is  carried  away  either  by  a photon  or  by 
an  electron.  If  an  electron  is  ejected,  this  radiationless  transfer 


of  energy  is  known  as  the  Auger  effect  and  the  emitted  electron  as  an 
Auger  electron.  The  energy  of  this  ejected  electron  is  determined  by  the 
atomic  energy  levels  and  hence  is  characteristic  of  the  atom.  The  emitted 
electron  will  retain  this  characteristic  energy  only  for  emitting  atoms 
close  enough  to  the  sample  surface  (20A) . Therefore,  Auger  spectroscopy 
is  essentially  a surface  analytical  technique.  Depth  profiles  are 
obtained  by  gradually  sputtering  the  sample  surface  to  expose  successive 
regions  to  Auger  analysis . 

The  AES  in-depth  profiling  in  this  work  was  performed  using  a 

custom  built  thin  film  analyser  based  on  a Physical  Electronics  Industries 

model  10-155  cylindrical  mirror  analyser /coaxial  5 kV  electron  gun. 

Equipment  and  procedures  employed  have  been  described  elsewhere  [56] . 

Depth  profiling  was  accomplished  with  1.0  keV  Ar+  at  a current  density  of 
2 

~ 20  u amp/cm  . The  ion  beam  was  electrically  rastered  over  the  sample 
to  flatten  the  crater  and  thereby  maximize  depth  resolution.  These 
conditions  correspond  to  a sputtering  rate  of  approximately  lOA/min  in 
silicon.  The  depth  can  be  estimated  from  sputtering  time  when  reliable 
sputtering  rate  data  is  available,  as  in  the  case  of  Si. 
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3.  FORMATION  OF  AMORPHOUS  Si  BY  ION  IMPLANTATION 


Crystalline  silicon  can  be  transformed  into  amorphous  Si  by 
appropriate  high-dose  implantation  [57],  There  have  been  two  models  proposed 
to  calculate  the  critical  doses  for  this  transformation:  a critical-energy- 
density  (CED)  model  [29,58],  and  a damage -over lap  (DO)  model  [30,59].  Since 
amorphous  layers  play  an  important  role  in  annealing  behavior,  the  prediction 
of  formation  of  amorphous  Si  is  very  important,  as  is  its  detection  after 
implantation.  This  chapter  briefly  discusses  these  two  models  and  estimates 
the  critical  doses  for  BF2+,  Si+,  and  Ga+- implanted  Si  used  in  this  work. 

An  experimental  method  is  developed  to  measure  the  thickness  of  amorphous 
layers  on  the  implanted  samples. 

3.1  Critical -Energy-Density  (CED)  Model 

The  CED  model  [29,58-60]  assumes  that  transformation  to  the 

amorphous  state  is  due  to  an  increase  in  lattice  energy.  This  energy  increase 

comes  from  the  energy  deposited  by  the  implanted  ions  in  their  collisions  with 

lattice  atoms.  As  the  implantation  proceeds,  the  implanted  energy  produces 

an  increasing  collection  of  point  defects.  Once  the  critical  energy  density 

reached,  it  becomes  energetically  favorable  for  the  point  defects  to  coalesce 

into  the  tight  tetrahedral  structure  of  the  amorphous  state  [60].  The  critical 

energy  density,  Ec»  is  then  defined  as  the  energy  which  must  be  deposited  into 

lattice  damage  per  unit  volume  to  amorphize  that  volume.  Gibbons  [59]  esti- 
24  3 

mated  Ec  * ~10  eV/em  from  low-temperature  data  of  critical  doses  for  a 
variety  of  ions.  Certainly,  this  is  only  a rough  estimation  [61]  but  it  can 
be  used  for  certain  cases. 

Brice  [62]  has  calculated  the  energy  deposited  into  atomic  process 
for  a variety  of  dopants  and  target  substrates.  These  calculations  are  based 
on  a direct  method  in  which  one  uses  the  interaction  cross  sections  to  deter- 
mine the  amount  of  energy  dep. «ited  at  a particular  position,  then  sums  over 


19 

the  distribution.  Such  calculated  results  have  been  tabulated  for  ^B+, 

^P+,  ^As+,  and  ^^Sb+  implanted  into  Si  [62].  However,  the  damage  pro- 
19  4-  28  + 69  4* 

files  for  F , Si  , and  Ga  must  be  obtained  through  approximation. 

2g  + SS  ^ 

Damage  by  Si  and  ua  can  be  approximately  estimated  from 

"^P+  and  ^As+  tables  respectively,  with  minor  modification  due  to  mass 

differences.  For  example,  the  projected  range  can  easily  be  adjusted 

19  + 

to  the  right  values.  However,  damage  profiles  for  F must  be  interpolated 
from  ^B+  and  ^P+  tables.  Figure  3.1  shows  the  energy  deposition  (or 

damage)  by  a fluence  of  1 x 10^  cm  ^ B+  implanted  at  34  keV  and  2 x 10^ 

-2  + 15  -2  + 

cm  F at  58  keV.  The  damage  created  by  1 x 10  cm  BF^  implanted  at 

150  keV  can  be  estimated  from  the  sum  of  these  B+  and  F+  implants.  This 

is  possible  because  a 150  keV  BF^  molecule  splits  into  one  34  keV  B and 

two  58  keV  F (Section  2.1.3).  The  dotted  curve  in  Fig.  3.1  is  the  sum 

of  these  B+  and  F+  curves.  However,  it  is  well  known  that  molecular  ion 

implants  produce  much  greater  damage  than  do  the  corresponding  atomic 
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implants  of  equivalent  dose  and  energy  [63-65].  Therefore,  the  true  energy 

4*  4* 

deposition  curve  for  a BF2  implant  should  be  much  higher  than  the  sum  of  B 

and  F+  implants.  A factor  of  > 1.5  greater  damage  is  estimated  from  previous 

work  for  molecular  ion  implantation  [63].  A dash^dotted  curve  in  Fig.  3.1 

shows  this  corrected  energy  deposition  curve  for  the  BF+  implant. 

We  can  roughly  predict  the  location  and  thickness  of  the  amorphous 

layer  from  the  energy  density  profile  and  critical  energy  density  (E  ). 

24  3 

The  value  given  by  Gibbons  [59] , E£  = ~10  eV/cm  , is  for  low  temperature 
implantation  where  all  the  damage  produced  by  a projectile  is  stable.  It 
was  recognized  very  early  that  the  critical  dose  increased  substantially 
with  rising  implantation  temperature  [66,67],  Obviously,  E£  should  follow 
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Fig.  3.1.  Calculated  energy  deposition  density  for  the  ion 

implanted  into  Si  at  energies  and  fluences  as  shown. 
The  dash-dot  curve  shows  the  energy  deposition  density 
for  BFtj  implanted  Si,  which  is  estimated  as  1.5  times 
the  sum  of  B and  F curves.  The  measured  amorphous  - 
crystalline  interface  is  denoted  by  I. 
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the  same  trend  in  temperature  dependence.  However,  no  satisfactory  model 

has  ever  been  proposed  to  estimate  the  temperature  dependence  of  Ec« 

Therefore,  the  use  of  this  model  is  limited  to  low  temperature  implantation. 

Even  at  low  temperature,  the  validity  of  available  prediction  is 

limited  by  the  accuracy  of  Brice's  calculations  and  the  value  of  Ec*  From 

experiments  described  later  (Section  3.3),  the  BF^  implant  shown  in  Fig.  3.1 

has  a measured  amorphous  layer  —1850  %.  thick.  From  the  energy  deposition 

24  3 

curve,  the  corresponding  value  of  Ec  is  —2.2  x 10  eV/Cm  , which  is  much 
higher  than  the  Ec  value  predicted  by  Gibbons.  This  is  also  true  for  Si+- 

implanted  Si.  A thick  amorphous  . layer  created  by  a series  of  50-200  keV 

+ 15  -2 

Si  implants  to  a total  dose  of  7.6  x 10  cm  is  measured  to  be  —3600  A. 

25  3 

This  corresponds  to  Ec  » 10  eV/cm  from  the  energy  deposition  curve  (not 
shown).  Therefore,  this  model  can  only  very  roughly  estimate  the  amorphous 
layer  thickness. 

3.2  Damage-Overlap  Model 

As  an  ion  comes  to  rest  in  the  sample  it  produces  silicon  knock- 

ons  which  cause  substantial  radiation  damage  around  the  ion  track.  The 

buildup  of  amorphous  material  is  due  to  overlapping  of  this  damage  [30]. 

Assume  the  disordered  region  is  a cylinder  with  radius  R^  around  the  ion 

-2 

path  at  low  temperature  (no  vacancy-diffusion).  The  dose  DqO*  Rq  ) required 
to  yield  an  amorphous  layer  in  the  absence  of  vacancy  outdiffusion  can  be 
estimated  by  assuming  that  all  of  the  target  atoms  must  be  displaced  to 
produce  an  amorphous  layer.  This  critical  dose  is  [30] 

Dq  - E n2 (dE/dx)“1cm“2 


(3.1) 


where  E is  the  effective  energy  to  displace  a target  lattice  atom  in  eV. 

3 

is  the  number  of  target  atoms  per  cm  , and  (dE/dx)^  is  the  energy- 
independent  nuclear  energy  loss  per  unit  path  length.  The  latter  quantity 
can  be  quickly  estimated  for  practical  purposes  from  an  approximation  [1] 
to  the  Nielson  equation 

8 2/3  1 - 1 

(dE/dx)0  * 7 x 10  g2  ZL  M1(M1+M2)  eV  cm  (3.2) 

Here  Z^,  Z2 , M^,  11^  are  the  atomic  numbers  and  masses  of  the  projectile  and 

3 — 

target,  respectively  and  g2  is  the  target  density  in  gm/cm  . E is  taken 

here  as  roughly  twice  the  estimate  of  the  threshold  energy  required  to  break 

all  bonds,  i.e.,  for  Si,  E = 25  eV. 

Using  this  formula  we  can  calculate  the  critical  doses  for  11B+, 

^B^F2>  ^Si+,  and  ^Ga+  for  samples  implanted  at  low  temperature  where 

11  19 

vacancy  diffusion  can  be  neglected.  The  (dE/dx)^  for  B F2  is  obtained 

11  19 

by  adding  the  values  for  B and  F.  The  resulting  values  for  Dq  are 

31  75 

listed  in  Table  3.1.  Dq  for  P and  As  calculated  by  Morehead  and  Crowder 
[30]  are  also  listed  for  comparison. 

The  temperature  dependence  of  the  critical  dose  can  be  accounted 
for  through  the  concept  of  vacancy  out-diffusion  [30].  If  the  substrate 
temperature  is  not  low  enough  (>  -100°C),  various  atomic  rearrangements  occur, 
in  a short  time  interval  (t)  after  the  ion  passes.  This  can  be  described  in 
terms  of  thermal  diffusion  of  vacancies  radially  outward  from  the  core  of 
the  ion  track.  Therefore  the  low  temperature  (no  diffusion)  amorphous  radius 
Rq  is  decreased  an  amount  6R  by  vacancy  out -diffusion.  Since  the  critical 
dose  is  inversely  proportional  to  the  amorphized  area,  the  ratio  of  critical 
dose  at  temperature  T to  the  low-temperature  critical  dose  can  be  written 
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D(T)/Dq  - Rq/(Rq  - 6R)2 

- [1- (6R/Rq)]”2  (3.3) 

The  expression  used  for  the  decrease  in  amorphous  radius  6R  is  [30] 

6R  - 2(DvT)1/2 

- 2(dJt  exp(-E/kT)]l/2  (3.4) 

where  T is  the  amorphous  restructuring  interval  and,  hence,  the  diffusion 
time;  is  the  vacancy-diffusion  coefficient  with  D^;  and  E is  the 
activation  energy  for  diffusion.  Therefore  equation  (3.3)  can  be  written 
using  (3.1)  and  (3.4) 

D(T)  - D0[l-K(dE/dx)Q1/2exp(-V/kT)f2  (3.5) 

with  the  two  adjustable  constants  K and  V,  where 

K - 2(TD°En2)1/2  (3.6) 

V - E/2  . (3.7) 

.7/9 

The  available  experimental  data  fits  equation  (3.5)  when  K » 115  (ke\7um) 
and  V ■ 0.06  eV  are  assigned  [1].  By  using  these  data,  D(300°K)  for  b\ 

BF*>  Si*,  and  Ga*  were  calculated  and  listed  in  Table  3.1  along  with 
Morehead's  values  for  P+  and  As*[30]. 

This  model  neglects  the  non-uniformity  of  damage  profiles  and  the 
energy  dependence  of  damage  creation.  Therefore,  the  thickness  of  the 
amorphous  layer  is  not  defined  in  this  model.  However,  with  the  vacancy  out- 
diffusion  concept,  the  temperature  dependence  of  the  critical  dose  for 
amorphous  transformation  can  be  estimated.  The  values  listed  in  Table  3.1 
can  be  used  as  a lower  limit  of  amorphous  Si  formation. 
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3.3  Detection  of  Amorphous  Si 


Since  both  models  discussed  above  only  give  a very  rough  estimation 
of  the  formation  of  amorphous  Si,  experimental  methods  are  necessary  to 
distinguish  amorphous  Si  from  disordered  crystalline  Si.  Transmission 
electron  microscopy  [27,68],  optical  absorption  [29],  aligned  backscattering 
[25,26],  and  electron  spin  resonance  [57,69]  are  the  most  commonly  used 
techniques.  All  these  need  fairly  sophisticated  equipment.  A simple  experi- 
mental method  has  been  developed  for  this  work  to  examine  the  amorphization 
of  the  implanted  layers. 

It  is  well  known  that  crystalline  Si  has  a negligible  etch  rate  in 

hydrofluoric  acid  (HF).  On  the  other  hand,  amorphous  Si  can  be  etched  by 

HF  [70].  Hence,  the  thickness  of  the  amorphous  layer  after  implantation  can 

be  determined  from  the  difference  in  etch  rate  of  crystalline  and  amorphous 

Si  in  HF.  To  study  this  difference,  etched  depths  were  measured  as  a function 

of  etch  time.  During  implantation  a small  portion  of  the  sample  was  masked 

from  the  beam  to  retain  an  unimplanted  crystalline  region  (Fig.  3.2).  After 

implantation  the  sample  was  etched  in  49%  HF  for  various  time  intervals. 

Then  the  etch  step  between  implanted  and  unimplanted  regions  was  measured  by 

a Sloan  Dektak  stylus.  After  the  entire  amorphous  silicon  layer  was  etched 

away,  the  etched  step  remained  unchanged.  For  example,  the  etched  depths  of 

a BF^-implanted  sample  to  a fluence  of  1 x 10^  cm  ^ and  a Si+- implanted  Si 

15  -2 

to  a total  fluence  of  7.6  x 10  cm  at  -110°C  are  shown  in  Fig.  3.3.  The 
energy  deposition  of  these  two  implants  have  been  discussed  in  Section  3.1. 

A well-defined  etch  rate  of  33  &/hr  was  found  for  amorphous  Si,  with  negligible 
etching  of  crystalline  material.  As  Fig.  3.3  indicates,  the  etch  rate  is 
independent  of  the  implanted  species  (BF2  or  Si  ) used  in  this  work.  One 
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2.  A simple  method  to  detect  amorphous  Si.  During  implantation, 
a small  portion  of  Si  crystal  is  masked  from  the  ion  beam. 

Since  only  amorphous  Si  can  be  etched  away,  the  etch  depth 
indicates  the  existence  of  amorphous  Si  layer  and  its  thickness 
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sample  was  very  heavily  damaged  but  not  completely  amorphized,  as  indicated 
by  aligned  backscattering  measurements  [61].  This  sample  did  not  etch 
appreciably  in  HF,  indicating  that  the  etch  rate  difference  apparent  in 
Fig.  3.3  delineates  amorphous  and  heavily  damaged  crystalline  Si. 

An  anomalous  surface  layer,  sometimes  observed  on  heavily  implanted 
samples  [71,72],  causes  a rough  etched  surface,  as  will  be  shown  in  Chapter  6 
To  avoid  this  problem  in  the  etching  experiments,  this  surface  layer  was 
removed  by  anodic  oxidation  prior  to  chemical  etching.  In  this  process 
-100  A of  the  Si  surface  was  also  removed,  as  estimated  from  measurement  of 
the  anodic  oxide  thickness.  Therefore  the  amorphous  layers  shown  in  Fig.  3.3 
are  ~100  A thinner  than  the  original  thickness.  This  surface  treatment  was 
also  performed  on  some  samples  used  in  electrical  measurements  (Chapter  4) 
after  annealing.  Properties  of  this  anomalous  surface  layer  often  observed 


after  high-dose  implantation  are  discussed  in  Chapter  6, 
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4.  ELECTRICAL  PROPERTIES  OF  SILICON  IMPLANTED 
WITH  B+,  BF2+,  OR  Si+  + B+ 

As  Table  3.1  indicates,  after  Si  is  implanted  with  a high  dose 
(s  10^  cm  2)  of  P+,  As+  or  Ga+  at  room  temperature,  crystalline  Si  is 
amorphized.  This  has  also  been  verified  experimentally  [30],  The  annealing 
of  such  high-dose  implanted  Si  layers  involves  primarily  recrystallization 
of  the  amorphous  Si  (Fig.  4.1)  as  shown  by  aligned  backscattering  methods 
[25,73].  Some  early  work  measured  the  carrier  concentration  profiles  of 
recrystallized  amorphous  layers  [74,75]  ; however,  the  mechanism  of 
activation  of  implanted  dopants  inside  the  amorphous  layer  is  not  fully 
understood . 

+ -f*  -+* 

In  this  work,  we  first  study  B or  BF2  -implanted  Si.  Since  B 

is  a light  ion,  B+-implanted  silicon  is  normally  crystalline  (the  critical 

+ 16  -2 

dose  for  B in  Si  is  > 2x10  cm  ) [30].  In  contrast,  Si  implanted  with 
+ 15  -2 

BF2  to  a fluence  ^ 10  cm  has  a continuous  amorphous  layer  on  the 
surface  [39].  Comparing  these  two  cases,  we  can  study  the  different 
mechanisms  for  boron  activation  in  crystalline  Si  and  amorphous  Si. 

Besides  the  interesting  annealing  behavior,  p -n  junctions  formed  by  BF2 
implants  have  been  reported  to  have  lower  leakage  current  than  for  B+ 
implants  [76,77].  For  the  fabrication  of  shallow  p-regions , BF?  + is 
easier  to  implant  than  B+.  Since  the  implantation  energy  for  BF2+  is  much 
higher  than  for  B+  to  form  an  identical  boron  distribution  (Section  2.1.3), 
larger  and  more  stable  ion  beams  can  be  obtained  for  BF2  + implants.  These 
advantages  of  BF2+-implanted  Si  motivate  the  study  of  this  molecular 
implant  [78,79]  . 
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Another  method  of  creating  amorphous  layers  in  B -implanted 

silicon  is  the  use  of  Si+  predamaging  implants  before  the  B+  implant. 

By  adjusting  the  energies  and  fluences  of  Si+,  a continuous  amorphous  Si 

layer  of  desired  thickness  can  be  created. 

In  this  study,  we  find  that  B in  amorphous  Si  layers  can  be 

electrically  activated  during  recrystallization  at  550°C.  This  is  not 

true  for  B+-implanted  Si,  which  is  normally  crystalline  after  implantation. 

A comparison  of  the  atomic  B distribution  with  electrical  carrier  profiles 

reveals  an  inactive  tail  below  the  originally  amorphized  layer  for  samples 

15  -2  + 

implanted  with  a 1x10  cm  fluence  of  BF2  at  room  temperature  or  at 
~ - 110°C.  However,  full  activation  is  achieved  for  B+  implanted  into  a 
thick  amorphous  silicon  layer  predamaged  by  Si+  implants.  The  mobility  is 
also  fully  recovered  during  recrystallization.  An  upper  limit  of  carrier 
concentration  is  also  found  for  B in  Si  at  550°C. 

4.1.  Sample  Preparation  and  Measurements 


Phosphorus -doped  4-6  f2-cm  (100)  Si  crystals  were  used  throughout 

this  study.  The  implantation  schedules  and  temperatures,  listed  in 

Table  4.1,  consisted  of  four  categories:  B+  implants  at  room  temperature 

(<  30°);  BF-+  implants  at  room  temperature;  BF0+  implants  at  110°C;  and 

/"w  z z 

B+  in  addition  to  Si+  implants  at  110°C.  The  energies  of  B+  and  BF^^ 

implantations  were  chosen  to  give  the  same  B projected  range  (Section  2.1.3) 
The  implantation  and  annealing  techniques  have  been  discussed  in  Chapter  2. 
The  thickness  of  the  amorphous  layer  after  implantation  was  determined  by 
etching  in  HF  (Section  3.3). 

Sheet  carrier  concentrations  were  obtained  from  Hall  effect 


measurements  using  a van  der  Pauw  configuration.  Differential  resistivity 
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and  Hall  effect  measurements  in  conjunction  with  successive  layer  removal 
were  used  to  obtain  the  electrical  carrier  distributions  (Section  2.3). 

The  boron  atomic  profiles  for  sample  2 of  Table  4.1  were  measured 
by  secondary  ion  mass  spectrometry  (SIMS)  with  an  C>2+  source  primary  beam  on 
as-implanted  samples  as  well  as  on  annealed  samples.  The  measured  unannealed 
profile  agreed  well  with  that  calculated  from  projected  range  statistics  [35], 
and  no  appreciable  boron  diffusion  was  found  in  samples  annealed  at  500°C 
or  600°C.  Therefore,  the  assumed  boron  atomic  profiles  for  samples  3,  4, 
and  5 were  based  on  the  measurements  of  sample  2. 

4 .2 . Electrical  Activation  of  Boron 

Figure  4.2.  illustrates  the  effects  of  isothermal  annealing  on 
sheet  carrier  concentration  for  samples  implanted  with  B+  (sample  1)  or 
BF2+  (sample  2)  to  a fluence  of  1x10^  cm^ . At  900°C  the  BF2+-implanted 
sample  is  almost  fully  activated  within  2 min.  The  B+-implanted  sample, 
however,  exhibits  only  ~ 83%  electrical  activation  of  the  implanted  boron 
even  after  100  min  annealing.  It  is  clear  from  the  900°C  curves  of 
Fig.  4.2  that  the  electrical  activation  of  boron  in  an  amorphized  sample 
is  completely  different  from  the  damaged  crystalline  case.  The  activation 
of  implanted  boron  in  crystalline  Si  is  apparently  due  to  migration  of 
thermally-generated  vacancies  to  interstitial  B atoms  [80].  On  the  other 
hand,  boron  in  an  amorphized  Si  layer  is  activated  during  the  recrystalli- 
zation. This  is  evident  from  the  550°C  annealing  data.  At  this  temperature, 
amorphous  Si  is  recrystallized,  regrowing  epitaxially  on  the  underlying 
substrate.  The  550°C  curve  for  BF2+“iniplanted  Si  shows  the  sheet  carrier 
concentration  builds  up  with  increasing  annealing  time.  In  contrast,  at 
this  temperature  B+-implanted  Si  has  only  < 7%  activation.  The  buildup 
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4.2.  Sheet  carrier  concentrations  obtained  from  Hall  measurements  for 
Si  implanted  with  a lxl015cm-2  fluence  of  B4"  or  BFt . The  top 
panel  illustrates  isothermal  annealing  at  900*C,  and  the  bottom 
panel  is  for  a sample  annealed  at  550*C. 


of  acceptor  activity  in  the  BF2+  case  is  directly  related  to  recrystalli- 
zation of  the  amorphous  layer,  as  the  following  studies  of  electrical 
carrier  distribution  profiles  confirm.  Because  the  recrystallization  rate 
is  a strong  function  of  temperature  [25],  essentially  all  the  boron  atoms 
are  activated  within  2 min  at  900°C,  whereas  ~ 857.  are  activated  at  550°C 
within  100  min. 

Figure  4.3  shows  electrical  carrier  profiles  for  a BF2+-implanted 
sample  after  550°C  isothermal  anneals  over  time  periods  from  10  min  to  100 
min  (corresponding  to  the  550°C  curve  in  Fig.  4.2).  The  dotted  curve  is 
the  boron  atomic  profile,  measured  by  SIMS.  The  electrically  activated 
layer  after  a given  anneal,  which  we  relate  to  the  recrystallized  region, 
grows  from  the  underlying  crystal  toward  the  surface.  For  samples  annealed 
less  than  100  min,  a very  high-resistivity  layer  is  observed  before  the 
layer  removal  reaches  the  electrically  active  region.  In  this  high- 
resistivity  region,  corresponding  to  the  amorphous  layer,  the  sheet  resis- 
tivity and  sheet  Hall  coefficient  remain  constant  as  successive  layers  are 
removed.  An  electrically  inactive  tail  (shown  shaded  in  Fig.  4.3),  lies 
below  the  original  amorphous -crystalline  interface  I.  In  this  heavily 
damaged  crystalline  region  the  boron  is  not  activated  at  550°C.  This 
observation  is  consistent  with  the  lack  of  boron  activation  at  550°C  for  B+- 
implanted  Si  in  Fig.  4.2.  On  the  other  hand,  in  Fig.  4.3  ~ 1007.  of  the 
implanted  boron  is  activated  in  the  amorphized  region  during  550°C 
recrystallization.  The  mobility  of  holes  inside  this  recrystallized  region 
is  consistent  with  Irvin's  [81]  mobility  values  for  bulk  Si  having 
equivalent  acceptor  concentrations.  Although  fluorine  is  still  retained 
in  this  region  at  550°C  as  shown  in  Chapter  5,  it  has  no  measurable  effect 


Fig.  4,3.  Electrical  carrier  concentration  and  mobility  profiles  for  BF^ 

implanted  Si  after  isothermal  anneals  shown.  The  dotted  curve  is 
atomic  profile  from  SIMS.  The  original  amorphous -crys talline 
Interface  is  denoted  by  I. 
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on  the  electrical  activation  of  boron  or  on  the  mobility. 

In  order  to  reduce  the  inactive  region  in  the  tail  of  the  implant, 

it  is  useful  to  increase  the  thickness  of  the  amorphous  region.  Samples 

15  -2  + 

implanted  with  3x10  cm  BF2  (sample  3)  were  studied,  in  which  the 

o o 

amorphous  layer  was  measured  to  be  1850A  rather  than  the  1325 A of  sample  2. 

At  this  higher  dose,  electrically  inactive  boron  is  found  not  only  in  the 

damaged  crystalline  tail,  but  also  in  the  recrystallized  amorphous  layer 

20  -3 

(Fig.  4.4).  An  upper  limit  for  the  carrier  concentration  (~  1.2x10  cm  ) 
is  observed,  which  apparently  corresponds  to  the  boron  solid  solubility  at 
550°C.  The  excess  boron  in  the  recrystallized  region  may  be  either  inter- 
stitial or  in  a precipitate  form.  The  mobility  of  holes  in  this  case  is 
lower  than  Irvin's  mobility  values,  which  is  likely  due  to  the  excess  boron 
atoms.  An  approximate  value  for  solid  solubility  obtained  from  extrapolation 

of  Trumbore's  [82]  curve  for  boron  in  silicon  is  very  close  to  the  observed 
20  -3 

1.2x10  cm  . It  is  clear  from  Fig.  4.3  that  high-dose  implantation  does 

not  achieve  the  goal  of  full  boron  activation. 

Another  method  for  extending  the  amorphized  layer  is  to  cool  the 

sample  during  implantation.  Results  for  a BF2+  implant  at  -110°C 

(sample  4)  are  shown  in  Fig.  4.5.  Because  the  defects  are  less  mobile  at 

this  temperature,  less  energy  deposition  per  unit  volume  is  needed  to  form 

an  amorphous  layer  (Section  3.1).  Therefore  in  samples  implanted  with 
+ 15  -2 

150  keV  BF2  to  a fluence  of  1x10  cm  at  -110°C,  a continuous  amorphous 
layer  of  ~ 1850A  is  measured.  Figure  4.5  shows  boron  in  the  amorphous  Si 
region  is  fully  activated  by  recrystallization  at  550°C,  and  the  mobility  is 
also  recovered.  A much  smaller  unactivated  tail  region  is  achieved  in  this 
sample  than  was  observed  in  Fig.  4.5.  Additionally,  we  show  in  Chapter  5 


Depth  (ft) 


Fig.  4.5.  Electrical  carrier  concentration  and  mobility  profiles  after  a low 
temperature  BF^  implant  and  550*C  isothermal  anneals.  The  shaded 
area  indicates  a smaller  electrically  inactive  tail  of  the  B dis- 
tribution compared  with  Fig.  4.3. 
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that  the  retention  of  fluorine  in  samples  implanted  at  low  temperature 

(—  -110°C)  is  much  less  severe  than  for  room  temperature  implants. 

In  order  to  have  all  the  implanted  boron  distributed  in  an 

amorphous  layer,  it  is  necessary  to  predamage  the  sample  using  another 

implant  species.  In  this  work  we  used  four  Si+  implants  chosen  to  achieve 

a uniform  amorphous  layer  to  ~ 3600A  (as  shown  in  Fig.  3.3).  After 

15  -2 

amorphization,  this  sample  was  implanted  with  a 1x10  cm  fluence  of 
B+  at  34  keV  (sample  5).  Since  all  the  implanted  B atoms  are  located  in 
the  amorphized  layer,  a 550°C  anneal  for  60  min  results  in  1007,  activation 
(Fig.  4.6).  Good  agreement  between  the  boron  atomic  distribution  and  the 
electrical  carrier  distribution  suggests  that  all  the  measured  acceptors 
are  due  to  boron.  The  mobility  of  this  region  is  slightly  higher  than 
Irvin's  value  indicating  a good  quality  crystal  resulting  from  this  low 
temperature  recrystallization. 

To  illustrate  the  versatility  of  the  use  of  a uniform  amorphous 

+ 13  -2 

layer,  a similar  Si  predamaged  sample  was  implanted  with  a 1x10  cm 

fluence  of  B+.  This  dose  level  is  two  orders  of  magnitude  lower  than  the 

previous  case.  After  550°C  annealing  for  180  min,  ~ 1007,  activation  was 

found  for  this  case  also. 

Differential  OV  measurements  (Section  2.4)  have  been  made  on 

15  -2  + 

Si  samples  implanted  with  a 2x10  cm  fluence  of  F , then  annealed  at 
various  temperatures  higher  than  550°C.  Negligible  electrical  carriers 
due  to  fluorine  have  been  observed. 


Mobility  (cm2/V-sec)  Concentration  (cm'3) 


Depth  (A)  LP_l405 

Fig.  4.6.  Electrical  carrier  concentration  and  mobility  profiles  for  a sample  pre 
damaged  at  ~ - 110*C  with  four  Si+  implants  and  then  implanted  with  B^, 
with  the  doses  and  energies  shown.  The  amorphous -crystal line  interface 
after  the  Si+  implants  was  located  at  ~ 3600  A in  this  case. 
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4.3 . Conclusions  Regarding  Activation  of  Boron 

From  the  results  presented  in  the  above  section,  some  important 
conclusions  can  be  drawn  regarding  recrystallization  and  the  electrical 
activation  of  B in  amorphized  Si: 

(1)  Implanted  B is  activated  at  550°C  through  a recrystallization 


process,  if  the  boron  is  located  in  an  amorphized  layer.  All 
our  data  are  consistent  with  the  view  that  recrystallization 
of  an  amorphized  Si  layer  is  an  epitaxial  regrowth  process,  in 
agreement  with  aligned  backscattering  observations  [25]. 

(2)  Csepregi  et  al.  [25]  found  the  recrystallization  rate  for  Si+- 
implanted  amorphous  layers  on  (100)  Si  to  be  80 A/ min.  It  was 
also  found  [73]  that  boron  in  the  amorphous  layer  enhances 
the  regrowth  rate.  However,  for  the  three  BF^^implanted 
samples  (2,  3,  4)  studied  here,  the  regrowth  rate  is  always  much 
lower  than  80A/min.  From  the  thickness  of  the  recrystallized 
region  as  a function  of  annealing  time,  we  estimate  a growth 
rate  in  the  range  10-50A/min.  Since  both  B and  F distribution 
are  nonuniform,  no  exact  regrowth  rate  can  be  calculated  from 
these  experiments.  We  conclude,  however,  that  fluorine  reduces 
the  regrowth  rate  of  amorphous  Si.  Figure  4.6  shows  the  entire 
B profile  is  activated  after  the  6C  min  anneal.  This  sample 
had  no  appreciable  sheet  carrier  concentration  after  40  min 
annealing  because  the  recrystallization  had  barely  reached  the 
boron  profile.  Therefore  we  conclude  that  most  of  the  B profile 
is  recrystallized  in  the  final  20  min.  The  estimated  regrowth 
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rate  in  the  region  containing  B is  larger  than  lOOA/min.  This 
recrystallization  rate  is  much  higher  than  the  case  when  fluorine 
is  present. 

(3)  All  BF2+-implanted  Si  samples  have  an  inactive  tail  region. 

Only  the  Si+  predamaged  sample  has  a fully  activated  profile. 

This  verifies  the  suggestion  that  a damaged  crystalline  silicon 
region  exists  near  the  original  amorphous-crystalline  interface 
after  the  550°C  recrystallization.  Further  studies  are  necessary 
to  understand  the  nature  of  this  damaged  region.  However, 
fluorine  data  presented  in  Chapter  5 provide  some  insight  into 
the  severity  of  the  damage. 

(4)  Full  electrical  activation  is  possible  for  boron  implanted  into 
samples  predamaged  by  deeper  Si+  implants.  This  indicates  low 
temperature  (~  550°C)  annealing  is  possible  for  boron  implan- 
tation if  the  entire  boron  profile  is  located  in  an  amorphized 
layer  and  the  boron  concentration  does  not  exceed  the  solid 


solubi lity . 


5.  MIGRATION  OF  FLUORINE  IN  BF2+-IMPLANTED  SILICON 

The  electrical  properties  of  BF2+-implanted  Si  have  been  discussed 

in  Chapter  4.  However,  the  distribution  of  fluorine  in  such  samples  after 

annealing  has  not  previously  been  studied.  In  a preliminary  discussion 

of  this  study,  we  reported  that  fluorine  migrates  anomalously  during 
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annealing  in  Si  samples  implanted  with  a 1x10  cm  fluence  of  BF2  , 
resulting  in  double  peaks  in  fluorine  distribution  [78].  Dietrich  et  al . 
[83,84]  observed  similar  anomalous  impurity  migration  in  Si  implanted  with 
high-dose  Al+  or  Ga+.  Since  this  redistribution  relates  to  high-dose 
implantation,  it  is  important  to  understand  the  mechanism  of  this 
redistribution . 

In  this  chapter,  we  discuss  fluorine  distributions  measured  by 
secondary  ion  mass  spectrometry  (SIMS).  A wide  range  of  implant  doses 
and  temperatures,  as  well  as  annealing  temperatures  and  times,  have  been 
studied  to  understand  the  mechanisms  of  fluorine  migration  in  Si.  We  find 
that  the  formation  of  fluorine  multiple  peaks  and  other  effects  can  be 
explained  reasonably  and  consistently  in  terms  of  outdif fusion,  redistri- 
bution during  recrystallization,  and  gettering  by  the  ion  damage. 

5.1.  Sample  Preparation  and  Measurements 

Single  crystal  4-6  Q-cm  phosphorus  doped  (100)  silicon  was  used 
throughout  this  study.  The  implantation  schedules  and  temperatures  are 
listed  in  Table  5.1.  The  implantation  and  annealing  techniques  used  here 
are  identical  to  those  described  in  Chapter  4.  To  obtain  annealing  data, 
a separate  sample  from  the  implanted  wafer  was  annealed  at  a particular 
time  and  temperature  in  the  isothermal  or  isochronal  annealing  schedule. 
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The  thickness  of  the  amorphous  layer  after  implantation  was  measured  by  a 
Sloan  Dektak  stylus  over  an  etched  step  formed  by  the  HF  etching  technique. 
An  interference  microscope  (also  used  for  SIMS  crater  depth  measurement) 
was  used  as  a cross -calibration  on  some  etched  steps,  and  negligible 
differences  were  found  for  the  two  measurements . 

Chemical  depth  profiles  of  fluorine  were  determined  with  an 

ion  microprobe  mass  spectrometer  (AEI  Model  IM20) . Fluorine  profiles 
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were  obtained  by  monitoring  the  F secondary  ions  produced  by  Cs 

primary  ion  bombardment.  The  SIMS  technique  and  conversion  from  ion  counts 

to  atomic  profiles  have  been  discussed  in  Section  2.5. 

5.2.  Fluorine  Migration 

Fluorine  distribution  profiles  have  been  obtained  from  SIMS 
measurements  of  the  samples  listed  in  Table  5.1  after  30  min  anneals  in 
the  temperature  range  400°  - 1100°C.  In  most  cases  measurements  were  made 
for  100°C  increments  in  the  isochronal  anneals.  Only  representative 
fluorine  profiles  are  presented  here  to  illustrate  salient  features  of 
the  migration  phenomena. 

Figure  5.1  shows  the  fluorine  distribution  profiles  of  Si 
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samples  implanted  at  room  temperature  with  a 1x10  cm  fluence  of  BF^ 
(sample  A of  Table  5.1)  and  then  isochronally  annealed  for  30  min.  After 
annealing  at  temperatures  above  500°C,  the  fluorine  is  redistributed 
drastically,  and  the  migration  is  clearly  influenced  by  lattice  damage. 
Finally,  after  1100°C  annealing,  most  of  the  fluorine  atoms  diffuse  out. 

o 

A continuous  amorphous  layer  ~ 1325A  thick  was  found  on  the  surface  of 
this  sample  after  implantation.  The  dashed  line  I in  Fig.  5.1  represents 


Fluorine  Concentration  (cm-3) 
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Depth  (A)  LP-1354 

Fig.  5.1.  Fluorine  atomic  profiles  obtained  from  SIMS  measurements  on  (100)  Si 
implanted  at  room  temperature  with  a lxlO^cm'  fluence  of  BF2 
(sample  A of  Table  5.1)  and  annealed  for  30  min  at  the  temperatures 
shown.  A thin  dashed  line  (I)  represents  the  amorphous -crystal line 
interface  after  implantation. 
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the  interface  between  amorphous  and  crystalline  Si.  Underneath  this 
interface,  a damaged  region  was  detected  from  electrical  measurements 
discussed  in  Chapter  4. 
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The  amorphous  layer  and  damaged  crystalline  region  strongly 
influence  the  fluorine  redistribution  during  annealing.  Fluorine  in 
the  amorphous  layer  does  not  redistribute  until  recrystallization  occurs 
near  500°C.  During  recrystallization  fluorine  is  pushed  ahead  of  the 
moving  amorphous -crystalline  interface,  as  discussed  below.  The  900°C 
curve  of  Fig.  5.1  shows  the  fluorine  distribution  after  the  amorphous 


region  is  completely  recrystallized.  The  shallower  peak  near  1200A 
corresponds  to  the  implantation  peak  after  outdif fusion  at  this  temperature. 
The  pronounced  deeper  peak  occurs  in  the  region  below  I which  was  heavily 
damaged  but  not  amorphized  by  the  implantation.  This  damaged  region  attracts 
fluorine  atoms,  which  are  relatively  mobile  at  this  temperature.  It  is 
interesting  to  note  that  the  fluorine  concentration  in  this  region  is  greater 
after  the  900°C  anneal  than  it  was  after  the  implantation.  This  prefer- 
ential migration  to  a defect-rich  region  is  similar  to  the  ion-damage 
gettering  discussed  by  Seidel  et  al.  [85].  The  damaged  region  responsible 
for  fluorine  gettering  in  Fig.  5.1  also  gives  rise  to  the  electrically 
inactive  tail  of  the  boron  distribution  in  Fig.  4.3  of  Chapter  4.  When  the 
sample  is  annealed  at  1100°C,  the  fluorine  peaks  of  Fig.  5.1  diminish  and 
most  of  the  fluorine  atoms  diffuse  out. 

Figure  5.2  illustrates  fluorine  migration  in  a Si  sample  implanted 
13  -2  + 

with  1x10  cm  BF2  at  room  temperature  (sample  B of  Table  5.1).  Since  a 
13  -2 

fluence  of  1x10  cm  is  well  below  the  critical  dose  needed  to  form  an 


1 


amorphous  layer  in  Si  [30] , the  implanted  fluorine  is  distributed  in 
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Fluorine  profiles  for  a relatively  light  (1x10  cm  ) 
fluence  of  BFt  (sample  B)  after  implantation  and  after 
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crystalline  silicon.  As  a result,  the  migration  of  fluorine  during 
annealing  is  quite  different  from  Fig.  5.1.  In  Fig.  5.2  fluorine  diffuses 
to  the  surface  with  no  evidence  of  the  multiple-peak  structure  seen  before. 
After  900°C  annealing,  no  fluorine  retention  was  detected,  within  the 
sensitivity  of  the  SIMS  measurement.  In  relatively  lightly  damaged 
crystalline  Si,  fluorine  migration  during  annealing  is  apparently  due  to 
a simple  outdiffusion  process. 

In  sample  C a continuous  amorphous  Si  layer  (~  360oA)  was  created 
by  four  Si+  implants.  A 1x10^  cm  ^ fluence  of  BF^+  was  then  implanted, 
such  that  the  implanted  fluorine  atoms  were  distributed  within  the 
amorphous  layer.  To  ensure  a uniform  amorphous  layer,  both  the  Si+  and 
the  BF2+  implants  ere  done  at  110°C.  Representative  fluorine  distri- 

bution profiles  for  sample  C annealed  isochronally  in  the  range 
500°  - 1100°C  are  shown  in  Fig.  5.3.  No  multiple  peaks  are  observed  for 
fluorine  in  the  amorphized  layer.  The  500°C  curve  is  identical  to  the 

o 

as-implanted  profile,  since  recrystallization  from  the  ~ 3600A  deep 
interface  has  not  reached  the  fluorine  during  the  30  min  500°C  anneal 
(the  regrowth  rate  on  (100)  Si  is  ~ 9A/min  at  500°C)  [25].  The  700°C  and 
900°C  curves  illustrate  that  after  the  amorphous  layer  is  recrystallized, 
some  of  the  fluorine  atoms  migrate  to  the  surface  and  diffuse  out.  It  is 
interesting  to  note,  however,  that  much  of  the  fluorine  remains  near  the 
implanted  peak  at  these  temperatures,  in  contrast  with  the  more  lightly 
damaged  case  (Fig.  5.2).  The  most  dramatic  result  of  Fig.  5.3  is  the 
appearance  of  a new  fluorine  peak  near  4100A  after  the  900°C  anneal. 

This  peak  occurs  in  the  damaged  crystalline  region  just  below  the  original 
amorphous  layer  (marked  by  I)  formed  by  the  Si+  implants.  It  is  clear  in 
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Fluorine  profiles  following  a BF2  implant  into  an 
amorphous  layer,  and  subsequent  annealing.  The  amorphous 
layer  was  formed  by  four  Si+  implants  with  doses  and 
energies  shown  (sample  C).  A.11  implants  were  performed 

at  - 110#C.  The  amorphous -crystal line  interface  after 
the  Si+  implantations  is  marked  by  I. 


this  case  that  the  peak  is  due  to  gettering  of  fluorine  by  the  damage,  since 
there  was  no  fluorine  implanted  into  this  region  of  the  crystal.  This 
observation  confirms  our  proposal  that  damage  gettering  causes  the  second 
peak  in  the  900°C  curve  of  Fig.  5.1. 

To  investigate  the  fluorine  redistribution  occurring  during 

15  -2  + 

recrystallization.  Si  implanted  with  a 1x10  cm  fluence  of  BF2  at 
~ -110°C  (sample  D)  was  annealed  at  550°C  for  10,  30,  and  100  min. 

Figure  5.4  shows  how  the  fluorine  is  redistributed  during  this  550°C 
recrystallization.  Since  the  fluorine  is  not  very  mobile  at  this 
temperature,  the  redistribution  is  due  almost  entirely  to  accumulation  at 
the  amorphous -crystal line  interface  as  it  moves  from  I to  the  surface. 

The  "spike"  in  the  fluorine  profile  moving  toward  the  surface  as  the 
recrystallization  proceeds  is  reminiscent  of  zone  refining  effects.  The 
corresponding  spike  in  the  500°C  profile  of  Fig.  5.1  is  apparently  due 
to  this  same  mechanism,  since  the  amorphous-crystalline  interface  should 
move  to  about  that  point  in  30  min  at  500 °C.  The  positions  of  the  fluorine 
spikes  in  Fig.  5.4  are  in  fairly  good  agreement  with  the  edge  of  the 
recrystallized  region  for  corresponding  times  obtained  from  electrical 
measurement  in  Fig.  4.5  of  Chapter  4.  For  higher  temperatures  700°C), 
the  recrystallization  is  completed  in  less  than  30  min.  Therefore  such 
spikes  are  not  observed  in  the  high  temperature  curves  in  Figs.  5.1  and 
5.3.  There  is,  however,  a dip  in  the  fluorine  distribution  at  I in  all 
cases  for  which  the  implanted  amorphous -crystalline  interface  occurs  within 
the  fluorine  profile  (Figs.  5.1,  4,  and  5). 

Representative  fluorine  distribution  curves  are  plotted  in  Fig.  5.5 
for  sample  D annealed  for  30  min  in  the  range  500°  - 1100°C.  The  difference 
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Fig.  5.5.  Fluorine  profiles  for  Si  imp  lanced  with  BF*  at  - 110®C  (sample  D) 
and  annealed  is  ochronally.  The  amorphous-crys talline  interface 
after  implantation  is  indicated  (I). 
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between  samples  A and  D is  the  lower  implantation  temperature  for  sample  D, 
resulting  in  a much  thicker  amorphized  layer  (~  1850A) . As  was  the  case 
for  sample  A,  the  redistribution  begins  with  the  500°C  anneal,  and  a small 
spike  is  observed  in  the  500°C  curve  corresponding  approximately  to  the 
expected  amorphous-crystalline  interface  position  for  30  min  at  500°C. 

The  dip  in  the  500°C  and  600°C  curves  at  I is  also  similar  to  effects 
observed  in  Fig.  5.1.  After  sample  D is  annealed  at  a higher  temperature 
(a  700°C),  however,  the  peak  below  I starts  to  diminish.  The  900°C  curve 
has  only  a single  peak,  corresponding  to  the  original  fluorine  peak.  The 
absence  of  a second  peak  below  I after  the  900°C  anneal  is  in  sharp  contrast 
with  Fig.  5.1,  and  illustrates  that  the  damage  underlying  the  amorphous 
region  is  much  less  in  the  case  of  the  low  temperature  BF2  + implant. 

To  examine  possible  influence  of  boron  on  the  fluorine 
redistribution  in  BF2+*implanted  samples,  sample  A was  implanted  with  two 

additional  boron  fluences  (sample  E of  Table  5.1).  The  two  energies  used 

0 • 

provide  boron  peaks  at  825A  (within  the  amorphous  region)  and  2600A 

(below  I).  After  annealing  at  700°C  and  1000°C  for  30  min,  the  fluorine 

distributions  exhibited  the  same  double  peaks  observed  for  sample  A. 

The  as-implanted  projected  range  (R^)  of  fluorine  for  150  keV 

BF2+_ implants  into  Si  is  measured  to  be  ~ 1300A  for  all  samples  studied 

here.  Assuming  that  the  BF2  molecule  splits  into  its  components  with 

19 

energies  apportioned  by  mass  ratio,  F has  58  keV  in  these  implants. 

19  + 

SIMS  measurements  on  a Si  sample  implanted  with  58  keV  F to  a fluence 
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of  2x10  cm  agrees  well  with  the  F profile  observed  in  BF2  -implanted 

samples,  confirming  the  energy  apportioning  assumption.  However,  the 


value  for  R measured  here  is  significantly  less  than  predicted  by  the 
P 
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usual  range  statistics  [35]  , even  after  the  third  moment  correction 


(calculated  R = 1504A) . This  observation  is  in  agreement  with  other  work 
19  + 

for  F -implanted  silicon  [38]. 

5.3.  Conclusions  Regarding  Fluorine  Migration 

The  results  presented  here  lead  us  to  conclude  that  the 
existence  of  an  amorphous  Si  layer  and  a damaged  crystalline  layer 


dominates  the  anomalous  fluorine  migration  in  BF^  -implanted  Si  during 
annealing.  The  sweeping  out  of  fluorine  during  recrystallization  (Fig.  5.4) 
and  the  gettering  of  fluorine  by  residual  defects  (Figs.  5.1  and  5.3)  are 
the  major  causes  of  anomalous  migration.  These  effects  may  also  occur  in 
high-dose  Al-  or  Ga-implantsd  silicon  [83] . 

The  property  of  fluorine  gettering  by  defects  suggests  the  use 
of  fluorine  as  a decorator  for  identifying  damaged  regions.  For  example, 
the  damaged  region  below  I in  Fig.  5.3  is  dramatically  decorated  by 
fluorine  during  annealing.  Furthermore,  by  comparing  the  second  peak  of 
Fig.  5.1  with  that  of  Fig.  5.5,  it  is  clear  that  after  recrystallization 
much  less  damage  is  left  below  the  amorphized  layer  in  the  sample  implanted 
at  low  temperature. 
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6.  SURFACE  CONTAMINATION  DURING  ION  IMPLANTATION 

Surface  contamination  produced  by  ion  implantation  is  a trouble- 
some problem  commonly  associated  with  high-dose  implantation.  It  is  known 
that  ion-beam  induced  polymerization  of  adsorbed  hydrocarbons  leads  to  the 
formation  of  a carbonaceous  surface  contamination  layer  on  ion-implanted 
samples  [71,72].  The  primary  source  of  hydrocarbon  molecules  is  the 
implanter  residual  vacuum.  The  thickness  of  this  contamination  layer 
increases  with  dose  such  that  heavily  implanted  Si  exhibits  noticeable 
contamination  problems  (Section  3.3).  Recoiled  carbon  may  produce 
structural  damage  affecting  the  reverst,  current  of  a shallow  p-n  junction 
[86],  and  silicon  carbide  may  be  formed  during  post-implantation  annealing  [87] 

In  an  effort  to  better  understand  this  contamination  problem  and 
thereby  elucidate  a solution,  we  have  used  Auger  electron  spectroscopy  (AES) 
to  examine  the  surface  layers  of  high-dose  implanted  silicon  prepared  under 
a variety  of  implantation  conditions.  Various  layer  removal  techniques 
were  evaluated.  The  effects  of  implantation  temperature  and  type  of 
diffusion  pump  oil  in  the  implanter  vacuum  system  have  also  been  investigated. 
Finally,  the  effects  of  surface  contamination  on  chemical  etching  and  ohmic 
contact  formation  have  been  assessed. 

6.1.  Sample  Preparation  and  Measurements 

Single  crystal  (100)  Si,  used  as  starting  material  throughout 
this  study,  was  cleaned  successively  in  organic  solvents,  peroxide  solution 
(defined  below),  and  buffered  HF,  and  was  rinsed  in  deionized  water  prior 
to  implantation.  A portion  of  the  unimplanted  wafer  was  retained  as  a 
control  specimen.  Two  samples  were  implanted  with  Si+  to  a total  fluence  of 


~ 8x10  cm  , one  at  110  C (sample  A)  and  the  other  at  ~ 30  C (sample  A') 

Four  energies  of  Si+  were  used  in  the  range  of  50  to  200  keV  to  produce  a 
uniform  amorphous  Si  layer  (See  sample  5 of  Table  4.1.).  Room  temperature 

BF2+  implants  were  performed  on  two  other  samples,  with  fluences  of  1x10^ 
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and  3x10  cm  at  150  keV.  The  target  chamber  was  pumped  to  ^ 10  torr 

during  these  implantations  by  an  NRC  diffusion  pump  with  a water  baffle 

and  liquid  nitrogen  cold  trap.  The  ion  beam  current  density  was  maintained 

at  ~ 0.1  - 0.2  uA/cm  . The  target  chamber  vacuum  system  was  subsequently 

modified  by  replacing  the  silicone  based  diffusion  pump  oil 

(methylphenylpolysiloxane)  [88]  with  Fomblin™  perf luorinated  polyether 

fluid  [89]  and  installing  a liquid  nitrogen  cold  trap  between  the  roughing 

pump  and  the  target  chamber.  The  latter  change  is  expected  to  have  a 

minimal  effect  for  typically  short  roughing  cycles,  due  to  the  small  mean 

free  path  for  oil  molecules  at  the  minimum  roughing  pressure  of  ~ 80  ym  [90] . 

This  modified  chamber  was  pumped  by  the  new  fluid  for  20  hrs  to  remove 

residue  of  the  original  pump  oil.  Sample  B was  then  implanted  with  Si+ 

using  the  same  energy  and  fluence  combination  as  for  sample  A. 

The  following  contamination  removal  techniques  were  applied  to 

specimens  of  sample  A to  determine  their  relative  removal  efficiency: 

1)  Solvent  cleaning  - samples  were  immersed  sequentially  in  trichloro- 
ethylene, acetone,  and  methanol  for  2 min  each  with  ultrasonic  agitation. 

2)  Peroxide  solution  cleaning  - samples  were  immersed  in  a solution 

composed  of  6:1:1  by  volume  :NH^0H  at  80+  5°C  for  10  min  [91], 

followed  by  a rinse  in  deionized  water. 
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3)  Anodic  oxidation  and  stripping  - samples  were  anodized  at  100V  in  an 
electrolyte  consisting  by  volume  of  27=,  aqueous  KNO^  and  987,  ethylene 
glycol  [92].  Oxide  stripping  was  performed  in  buffered  HF  solution. 

o 

Typically  100-150A  of  silicon  is  removed  from  the  surface  of  a clean  Si 
sample  by  this  procedure. 

4)  Heat  treatment  - after  implantation  samples  were  annealed  at  550°C  for 
100  min  under  flowing  forming  gas. 

All  AES  depth  profiling  studies  were  performed  using  the  custom 
built  thin-film  analyzer  described  in  Section  2.6.  Depth  profiling  was 
accomplished  with  1.0  keV  Ar  at  a current  density  of  ~ 20  qamp/cm  . These 
conditions  correspond  to  a sputtering  rate  of  approximately  lOA/min  in 
silicon.  The  sputtering  rate  of  pure  carbon  is  somewhat  slower  [93]. 

Etching  studies  were  conducted  using  a slow  etch  (1:750:250  by 
volume  HF:HN03:HCH2C00H)  or  a fast  etch  (1:3:12  by  volume.  HF :HN03 :HCH2C00H) . 
Etched  samples  were  observed  using  conventional  optical  microscopy,  and 
also  with  Auger  elemental  mapping  using  a Physical  Electronics  Model  545 
scanning  Auger  microprobe. 

The  effect  of  surface  contamination  on  ohmic  contact  formation  was 
investigated  by  measuring  the  current-voltage  characteristics  between  Au 
metal  contacts  formed  on  the  implanted  layers.  These  Au  pads,  25  mils 
square  and  separated  by  31  mils,  were  applied  by  evaporation  through  a grid 

mask.  To  study  contact  formation  on  samples  A and  B,  a B+  implantation  to 
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a fluence  of  1x10  cm  was  performed  in  addition  to  the  Si  implants,  and 

then  the  samples  were  annealed  at  900°C  for  30  min. 
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6.2.  Studies  of  the  Surface  Layer 

Figure  6 . 1 shows  the  AES  depth  profile  obtained  from  sample  A. 

The  presence  of  a carbonaceous  overlayer  is  apparent  for  this  sample,  which 
was  implanted  while  the  target  chamber  was  pumped  using  conventional 
diffusion  pump  oil.  The  native  oxide,  present  on  the  sample  prior  to 
implantation,  serves  to  locate  the  original  sample  surface.  Silicon  was 
detected  throughout  the  carbon  layer,  but  does  not  appear  in  the  depth 
profile  due  to  the  method  of  background  subtraction  used  [56].  The 
thickness  of  the  carbon  layer  is  estimated  to  be  about  100A.  A duplicate 
profile  of  a separate  specimen  from  sample  A,  using  the  same  analytical 
conditions,  reproduced  this  thickness  within  3%.  The  effect  of  sample 
temperature  during  implantation  is  illustrated  in  Fig.  6.2.  The  carbon 
thickness  of  sample  A (implanted  at  -110°C)  is  considerably  thicker  than 
that  of  sample  A'  (implanted  to  the  same  fluence  at  room  temperature). 
Sputtering  conditions  were  held  constant  for  the  two  analyses,  and  therefore 
the  sputtering  times  of  Fig.  6.2  are  representative  of  relative  thickness. 
The  thicker  contamination  layer  for  the  lower  temperature  implant  is 
consistent  with  a physisorption  model  in  which  the  absorption  probability 
increases  with  decreasing  temperature.  However,  even  though  a thinner 
contamination  layer  was  observed  on  sample  A',  this  sample  did  exhibit 
uneven  etch  characteristics  and  relatively  poor  ohmic  contact  formation. 

Depth  profiles  from  samples  implanted  with  various  fluences  of 

BF2+  indicate  that  the  contamination  layer  thickness  increases  roughly 
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linearly  with  dose  in  the  range  1-10x10  cm  , in  good  agreement  with  the 
observation  by  Naehring  et  al.  [94] . This  implies  that  the  contamination 
reported  here  is  a general  problem  not  limited  to  Si+  implants. 


Sputtering  Time  (min) 


Fig.  6.1.  Auger  electron  spectroscopy  (AES)  depth  profile  for  Si  implanted 
with  ~ SxlO^cm"  Si+  at  - 100*C  in  a target  chamber  pumped 
with  standard  diffusion  pump  oil  (sample  A).  The  carbonaceous 
contamination  layer  is  shown  by  the  carbon  signal,  and  the 
native  oxide  by  the  oxygen  signal. 


Relative  Intensity  (Arbitrary  Units) 


Carbon  on  Implanted  Si 

a Si  Implanted  at  — 110°C 
° Si  Implanted  at  R.I 


Sputtering  Time  (min) 

AES  depth  profiles  of  carbon  for  sample  A (implanted  at  ~ - 
and  sample  a'  (implanted  at  ygom  temperature).  Both  samples 
received  a fluence  of  «•»  8x10  cm  at  four  energies  in  the 
ra::ge  50  - 200  keV, 


Figure  6.3  shows  AES  depth  profiles  obtained  from  different  pieces 
of  sample  A after  cleaning  using  the  various  techniques  described  above. 

These  data  show  that  for  the  methods  studied  only  anodic  oxidation  and 
stripping  is  capable  of  completely  removing  the  contamination.  The  other 
procedures  are  able  to  remove  only  a small  fraction  of  the  carbonaceous 
layer.  The  annealing  result  is  in  agreement  with  the  observations  of 
Yamaguchi  and  Hirayama  [72]  that  heat  treatment  is  ineffective  once  the 
layer  is  formed.  Although  anodic  oxidation  and  stripping  do  effectively 
remove  the  contamination  layer,  it  is  not  a procedure  which  might  readily 
be  adapted  as  a device  fabrication  processing  step. 

Clearly,  it  is  more  desirable  to  eliminate  the  contamination 
mechanism  rather  than  attempting  to  remove  layers  such  as  those  shown  in 
Figs.  6. 1-6.3.  Two  methods  have  been  proposed  previously  [71]:  (1)  heating 

the  sample  during  implantation,  and  (2)  installing  a liquid  nitrogen  shroud 
around  the  sample  holder.  However,  it  has  been  demonstrated  that  high 
temperature  implantation  can  lead  to  poor  electrical  activation  [95]  and 
high  damage  levels  after  annealing  [26]  . The  cold  trap  method  leads  to 
implanter  design  difficulties  and  will  not  completely  eliminate  the  problem 
when  the  sample  is  also  liquid  nitrogen  cooled,  which  is  sometimes  useful 
for  high-dose  implantation  [26,96]. 

The  surface  contamination  problem  encountered  in  ion  implantation 

is  essentially  the  same  as  that  observed  in  electron  beam  systems  [88,97]. 

Without  a major  modification,  Conru  et  al.  [98]  were  able  to  eliminate  carbon 

TM 

contamination  by  using  Fomblin  perf luorinated  polyether  diffusion  pump 
fluid.  The  improvement  results  from  a significant  reduction  in  polymerization 
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Sputtering  Time  (min) 

Fig.  6.3.  AES  depth  profiles  of  sample  A after  various  surface  contamina- 
tion removal  techniques.  The  as-implanted  and  unimplanted  samples 
are  shown  for  comparison. 
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of  this  compound  during  electron  beam  irradiation  [99].  Figure  6.4  shows 
the  AES  depth  profile  obtained  for  sample  B,  implanted  under  the  same 
conditions  as  sample  A but  with  the  Fomblin  fluid  used  in  the  diffusion 
pump  of  the  target  chamber  vacuum  system.  It  is  clear  that  a significant 
imporvement  is  made  by  replacing  the  diffusion  pump  fluid. 

In  device  fabrication  or  when  characterizing  an  implanted  Si 
wafer  it  is  sometimes  necessary  to  uniformly  etch  part  of  the  sample. 

It  has  been  reported  that  after  a high -dose  implant,  nonuniform  etching  can 
result  [100].  Samples  A and  A'  could  not  be  etched  by  the  slow  etchant 
described  above.  When  the  fast  etchant  was  employed  for  30  min,  circular 
etch  pits  were  observed  on  the  surface  of  samples  A and  A'  as  shown  in 
the  optical  micrographs  of  Figure  6.5.  No  step  could  be  detected  between 
the  etched  surface  and  the  masked  area.  However,  after  anodic  oxidation 
and  stripping,  both  samples  A and  A'  etched  in  the  normal  manner,  i.e., 
rapidly  and  uniformly.  This  result  is  a clear  indication  that  the  Si  etch 
is  inhibited  by  the  presence  of  the  surface  contamination  layer.  The 
correlation  between  the  carbonaceous  layer  and  etch  inhibition  is  further 
illustrated  by  the  Auger  elemental  maps  shown  in  Figure  6.6.  An  absorbed 
current  micrograph  (Fig.  6.6a)  serves  to  indicate  the  location  of  etch 
pits  such  as  those  shown  in  Fig.  6.5.  The  edge  of  the  speciment  is  indicated 
by  the  bright  line  across  the  upper  right  hand  region  of  the  photograph. 
Figure  6.6b  shows  a carbon  Auger  image  taken  after  a 1 min  sputter  cleaning, 
sufficient  to  remove  surface  carbon  contamination  arising  from  exposure 
to  air.  Dark  areas  correspond  to  regions  where  carbon  is  absent  from  the 
surface  being  analyzed.  Figure  6.6c  shows  a silicon  Auger  image  for  the 
same  region  shown  in  Figs.  6.6a  and  b.  Silicon  is  visible  in  the  etch 
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Fig.  6.4.  Comparison  of  AES  depth  profiles  for  samples  implanted  with  dif- 
ferent diffusion  pimp  fluids  used  in  the  target  chamber  vacuum 
system.  Si"*"  implantation  at  ~ -110®C  was  performed  to  a total 
fluence  of  «*»  8X101  cm  for  both  samples.  However,  sample  A 
was  implanted  using  conventional  diffusion  pump  oil  and  sample  B 
was  implanted  after  perfluorinated  polyether  fluid  was  substituted 
in  the  target  chamber  vacuum  system. 


Micrographs  taken  from  sample  A using  the  scanning  Auger  micro- 
probe  in  the  following  Z -modulation  modes:  (a)  absorbed  current 
(b)  carbon  Auger  signal  (272  eV) ; (c)  silicon  Auger  signal 
(92  eV);  (d)  carbon  Auger  signal  (272  eV),  after  sputter  removal 
of  the  contamination  layer.  The  magnification  is  100X  and  the 
primary  electron  incident  angle  is  30°. 


pits  and  along  the  cleaved  edge  of  the  sample.  This  sample  was  depth 
profiled  through  the  carbon  layer  in  the  usual  manner,  giving  results 
similar  to  those  shown  in  Fig.  6.1.  After  the  carbon  layer  was  sputtered 
away,  another  carbon  image  (Fig.  6.6d)  was  taken  from  the  same  area  shown 
in  Fig.  6.6b.  No  carbon  was  detected  in  this  case,  although  the  pits 
could  still  be  seen  in  an  absorbed  current  micrograph  (not  shown).  Only 
those  regions  where  the  contamination  layer  is  sufficiently  thin  or  porous 
will  be  penetrated  by  the  etch  solution.  For  this  reason  the  number  of 
etch  pits  is  greater  on  sample  A'  than  on  sample  A.  Figure  6.7  shows  an 
optical  micrograph  of  sample  B after  a 10  min  partially  masked  etch  in  the 
slow  Si  etch  solution.  The  presence  of  a clear  etch  step  at  the  mask 
edge  and  a uniformly  etched  surface  illustrate  the  elimination  of  the 
contamination  problem. 

Additional  evidence  of  pump  oil  polymerization  and  its  elimination 
is  found  from  I-V  curves  measured  between  electrical  contacts  evaporated 
onto  sample  A and  sample  B with  the  additional  B+  implants  described  in  the 
previous  section.  It  is  clear  (Fig.  6.8)  that  the  contamination  layer  on 
sample  A has  an  adverse  effect  on  ohmic  contact  formation.  Even  after 
sample  A had  been  sintered  under  flowing  hydrogen  at  300°C  for  1 min,  the 
I-V  characteristics  did  not  improve.  In  contrast,  sample  B,  without  any 
heat  treatment,  exhibits  good  ohmic  behavior. 


Optical  micrograph  of  sample  B etched  in  slow  silicon  etchant  for 
10  min.  An  etched  step  between  the  uniformly  etched  area  (upper 
right)  and  the  masked  area  (lower  left)  illustrates  the  uniformity 
of  the  etching. 


Fig.  6.8.  Current -voltage  measurements  between  Au  pads  on  (a)  sample  A and 
(b)  sample  B,  after  an  additional  B+  implant  and  anneal. 
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7.  GALLIUM  DISTRIBUTION  AND  ELECTRICAL 
ACTIVATION  IN  Ga+-IMPLANTED  Si 

Although  diffused  gallium  has  been  used  successfully  as  an 
acceptor  dopant  in  various  silicon  devices  [101],  its  usefulness  has  been 
limited  by  its  high  diffusivity  in  Si02 • This  problem  is  avoided  by 
using  ion  implantation,  however,  and  gallium  is  now  an  attractive 
alternative  to  boron  as  a p-type  dopant  in  a variety  of  Si  devices.  Ga+- 
implanted  resistors  [102,103]  and  p+n  junctions  [103,104]  have  previously 
been  discussed;  however,  the  understanding  of  Ga+-implanted  Si  is  rather 
limited.  Early  studies  have  led  to  contradictions  over  the  existence  of 
a penetrating  tail  after  implantation  [105,106,75].  Anomalous  redistri- 
bution of  Ga  after  annealing  has  also  been  observed  [83]  . These  results 
make  the  acceptor  distribution  in  Ga-implanted  Si  difficult  to  predict. 

The  electrical  activation  of  Ga  has  been  discussed  briefly  in  several 
early  papers  [40,75,107],  but  carrier  concentration  profiles  have  not 
been  studied  in  detail. 

Since  boron  inside  an  implanted  amorphous  layer  is  fully 
activated  by  recrystallization  at  low  temperature  (~550°C,  Chapter  4),  it 
is  interesting  to  know  whether  Ga  can  also  be  activated  fully  by  recrystal- 
lization at  these  temperatures.  The  critical  dose  of  Ga+  to  form  an 
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amorphous  Si  layer  at  room  temperature  is  ~ 2.5x10  cm  (Table  3.1), 
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which  is  much  lower  than  for  B implants  (>  2x10  cm  ) [30].  Hence, 

Ga+  implantation  can  result  in  an  amorphous  Si  layer  at  room  temperature 
with  practical  doses.  No  additional  amorphizing  F+  or  Si+  implants  are 
necessary,  as  in  the  case  of  B+-implanted  Si.  In  this  respect, 


F 


« I 


•I 


Ga+  implantation  of  Si  is  superior  to  B+  implants  when  amorphization  is 


required . 


In  this  chapter,  we  have  studied  atomic  Ga  distributions  by 


secondary  ion  mass  spectrometry  (SIMS)  for  as-implanted  and  annealed 

samples.  We  find  no  pronounced  tail  in  as-implanted  samples  for  Ga+ 
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fluences  either  below  (1x10  cm  ) or  above  (1x10  cm  ) the  critical 
fluence  for  amorphization.  By  comparing  electrical  carrier  profiles  with 
the  SIMS  atomic  profiles,  we  find  that  redistribution  and  electrical 
activation  of  implanted  Ga  is  affected  by  recrystallization,  solid 
solubility,  and  ion  damage. 


7.1.  Sample  Preparation  and  Measurements 

Phosphorus -doped  4-6Q-cm  (100)  Si  crystals  were  used  throughout 

this  work.  Samples  were  implanted  at  room  temperature  with  200  keV  ^Ga+ 
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to  a fluence  of  1x10  cm  (sample  1)  or  1x10  cm  (sample  2)  at  room 
temperature.  During  implantation  samples  were  tilted  ~ 7°  from  the  beam 
to  minimize  channeling  effects.  A copper  heat  sink  was  used  to  prevent 
heating  of  the  samples.  After  implantation,  anneals  were  performed  under 
a continuous  flow  of  forming  gas. 

Gallium  atomic  profiles  were  determined  with  an  ion  microprobe 
mass  spectrometer  (AEI  Model  IM  20).  The  Ga  profiles  were  obtained  by 
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monitoring  Ga  secondary  ions  produced  by  0 primary  ion  bombardment. 

Details  of  the  SIMS  technique  have  been  discussed  in  Section  2.5.  The 

conversion  from  ion  intensity  ratio  to  gallium  concentration  was  made 
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by  determining  the  ratio  of  the  integrated  Ga  signal  to  the  implanted 
ion  dose  for  an  as -implanted  sample.  This  conversion  ratio  was  then  used 
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to  obtain  gallium  concentration  profiles  for  samples  after  annealing. 
Crater  depths  were  measured  using  an  interference  microscope  to  establish 


the  sputtering  rate  and  depth  scale. 

Sheet  resistivity  was  measured  by  a four-point  in-line  probe  for 
samples  isochronally  annealed  from  400°C  to  900°C  with  10  minute  annealing 
intervals.  Differential  resistivity  and  Hall  effect  measurements  in 
conjunction  with  successive  layer  removal  were  used  to  obtain  the  detailed 
electrical  carrier  distribution.  The  double  a.c.  Hall  effect  system 
(using  a van  der  Pauw  configuration)  and  the  layer  removal  techniques 
employed  in  this  work  have  been  discussed  in  Section  2.3.  The  ratio  of 
Hall  mobility  to  drift  mobility  was  taken  to  be  unity,  for  the  convenience 
of  comparing  our  results  with  other  work  [40,75,107]. 

The  thickness  of  the  amorphous  layer  in  sample  1 was  determined 
from  the  difference  in  etch  rate  of  crystalline  and  amorphous  Si  in  HF. 
From  this  etching  experiment,  an  amorphous  layer  thickness  of  ~ 2050  & 
was  found  on  the  surface  of  sample  1.  In  contrast,  sample  2 (not 


amorphized  by  the  implant)  did  not  measurably  etch  in  HF. 


7.2.  Gallium  Distribution  and  Electrical  Activation 

Figures  7.1  and  7.2  show  gallium  atomic  profiles  for  sample  1 
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(1x10  cm  ) and  sample  2 (1x10  cm  ) respectively.  Profiles  for  as- 
implanted  samples  and  for  samples  annealed  at  600°C  or  900°C  are  shown  on 
the  same  figure  to  illustrate  the  thermal  diffusion  during  annealing. 

Both  as-implanted  samples  (1  and  2)  have  profiles  close  to  a perfect 
Gaussian  distribution;  no  pronounced  tails  are  observed.  After  these 
samples  are  annealed  at  600°C,  only  a small  amount  of  broadening  due  to 
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Fig.  7.1.  Gallium  atomic  profiles  obtained  from  SIMS  measurements  on  (lOO) 
Si  implanted  at  room  temperature  with  a 1x10*5  cm'^  fluence  of 
Ga+  (sample  1)  and  annealed  for  15  minutes  at  the  temperatures 
shown.  The  depth  marked  "I"  represents  the  measured  amorphous  - 
crystalline  interface  after  implantation. 
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Fig.  7.2.  Gallium  profiles  for  a 1x10  cm  fluence  of  Ga  (sample  2) 

after  implantation  and  after  annealing  at  the  indicated  tempera- 
tures . 
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thermal  diffusion  is  observed.  However,  samples  1 and  2 differ  greatly 
in  their  Ga  distribution  after  the  900°C  anneal. 

There  is  an  amorphous  layer  on  the  surface  of  sample  1 after 

implantation.  The  amorphous -crystalline  interface  at  2050  8 is 

denoted  by  I in  Fig.  7.1.  There  is  also  a heavily  damaged  crystalline  Si 

region  below  I,  which  is  commonly  observed  in  samples  having  an  implanted 

amorphized  layer  [27,78].  The  measured  Ga  profile  after  900°c  anneal 

clearly  indicates  the  diffusion  in  the  recrystallized  amorphous  layer 

(above  I)  is  different  from  that  in  the  damaged  crystalline  Si  (below  I). 

The  diffusivity  for  Ga  in  Si  at  900°C  is  ~ 4x10  ^ cm^sec  ^ [108] . If 

a normal  thermal  diffusion  of  the  implanted  distribution  were  to  occur  in 

sample  1,  the  900°C  diffused  Gaussian  would  have  a standard  deviation 

only  about  10%  larger  than  the  as-implanted  profile.  The  measured  900°C 

profile  within  the  recrystallized  region  (Fig.  7.1)  appears  to  be  the 

result  of  such  moderate  diffusion.  However,  in  the  tail  region  of  the 

profile  (below  I)  the  diffusion  of  Ga  is  much  more  pronounced,  resulting 

in  a shoulder  on  the  distribution.  The  Ga  diffusivity  in  the  tail  region 
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is  estimated  to  be  ~ 4x10  cm  sec  , a decade  larger  than  expected  in 
undamaged  Si.  This  increase  is  apparently  due  to  defect-enhanced  diffusion 
in  the  heavily  damaged  region  below  I. 

In  sample  2 (Fig.  7.2),  the  implanted  dose  is  below  that 
required  for  formation  of  an  amorphous  Si  layer.  Therefore,  the  most 
heavily  damaged  region  exists  between  the  surface  and  the  implanted  peak, 
as  indicated  by  an  energy  deposition  (or  damage) calculation  [62].  The 
defect-enhanced  diffusion  observed  in  Fig.  7.1  apparently  accounts  also 
for  the  deep  diffused  tail  and  the  accumulation  of  Ga  in  the  damaged 
region  near  the  surface  after  the  900°C  anneal  in  Fig.  7.2. 


I 


To  examine  the  electrical  activation  of  the  implanted  gallium, 

the  results  of  sheet  resistivity  (Rs)  measurements  for  samples  1 and  2 

are  shown  in  Fig.  7.3  as  a function  of  isochronal  annealing.  Similar 
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results  for  a sample  implanted  with  relatively  low  dose  (2x10  cm  ) is 
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also  included.  The  sheet  resistivity  of  the  low-dose  (2x10  cm  ) and 
14  -2 

medium-dose  (1x10  cm  ) samples  decreases  monotonically  with  increasing 

anneal  temperature.  Similar  sheet  resistivity  curves  have  been  observed 

for  P+  or  As+-implanted  Si  with  doses  below  the  critical  dose  for  amorphous 
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Si  layer  formation  [109]  . Hie  high-dose  (1x10  cm  ) sample  1 has  a 

sharp  annealing  stage  at  500°-600°C  which  is  characteristic  of  implanted 

amorphous  Si  [1,74].  The  reverse  annealing  stage  (R  increasing  with 

s 

annealing  temperature)  for  sample  1 annealed  at  700°C  is  evidence  of  a 
decrease  in  Ga  activation  (to  be  discussed  below) . 

Figure  7.4  shows  the  electrical  carrier  and  mobility  profiles  of 
sample  1 after  recrystallization  at  600°C.  The  corresponding  atomic 
profile  from  Fig.  7.1  is  also  superimposed  for  comparison.  Evidently, 
recrystallization  of  the  amorphized  layer  almost  fully  activates  Ga  atoms 
inside  the  regrown  region  (outside  I).  However,  the  mobility  inside  the 
recrystallized  layer  is  much  lower  than  typical  values  given  by  Irvin  [81] 
for  bulk  Si  with  equivalent  concentrations.  This  degradation  of  mobility 
indicates  that  some  damage  still  exists  inside  the  recrystallized  layer. 

In  the  heavily  damaged  crystalline  region  (below  I),  an  unactivated  tail 
is  observed  (shown  as  a shaded  area  in  Fig.  7.4).  This  result  is  similar 
to  the  inactive  tail  reported  by  BF2+-implanted  silicon  in  Chapter  3. 

The  carrier  and  mobility  profiles  for  sample  1 annealed  at  900°C 
for  15  minutes  are  shown  in  Fig.  7.5.  The  peak  concentration  of  carriers 
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Fig.  7.3.  Sheet  resistivity  measured  by  4-point  probe  on  sample  1, 

sample  2,  and  a lightly  implanted  (2x10^  cm*^)  sample,  iso- 
chronally  annealed  for  10  minute  intervals  at  the  temperatures 
shown. 
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Net  acceptor  concentration  and  mobility  profiles  for  sample  1 
(IxlO15  cm*2  Ga+)  after  an  anneal  at  600'C  for  15  minutes.  The 
corresponding  atomic  profile  (from  Fig.7.1)is  also  shown.  The 
shaded  area  indicates  the  electrically  inactive  tail  of  the  G* 
distribution  below  the  original  amorphous -crystal line  interface 
I.  The  mobility  data  are  compared  with  typical  mobility  values 
for  bulk  Si  from  Irvin  [81]. 
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.5.  Net  acceptor  concentration  and  mobility  profiles  for  sample  1 
(lxlO15  cm*2  Ga+)  annealed  at  900*C  for  15  minutes.  The  atomic 
profile  (from  Fig.7.1)is  also  shown.  The  shaded  area  indicates 
electrically  inactive  Ga  over  much  of  the  profile.  Mobility 
data  are  compared  with  Irvin's  bulk  silicon  mobility  values. 
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is  2x10  cm  , which  is  much  lower  than  the  Ga  atomic  concentration  and 

represents  a pronounced  drop  in  the  Ga  activation  as  compared  to  the  600°C 

anneal  (Fig.  7.4).  Interestingly,  the  solid  solubility  of  Ga  in  Si  at 
o 19  “3 

900  C is  also  approximately  2x10  cm  [82].  Thus,  the  solid  solubility 

appears  to  limit  the  activation  of  Ga,  and  the  excess  gallium  seems  to 

lower  the  mobility.  Except  for  some  carrier  compensation  near  the 

original  amorphous -crystal line  interface  (I),  the  diffused  tail  region  is 

fully  activated  and  exhibits  good  mobility. 

It  is  also  interesting  to  examine  the  carrier  concentration  after 

900°C  annealing  for  sample  2,  which  was  not  amorphized  by  the  implant 

(Fig.  7.6).  A shaded  region  indicates  the  difference  between  the  measured 

atomic  Ga  profile  and  the  acceptor  distribution.  The  discrepancy  in  this 
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case  is  not  due  to  the  solid  solubility  limitation,  which  is  ~ 2x10  cm 
Instead,  there  is  apparently  considerable  residual  damage  which  prevents 
full  activation  of  the  Ga.  It  is  clear  that  good  electrical  activation 
over  most  of  the  profile  is  obtained  by  recrystallization  of  an  amorphous 
layer  (Fig.  7.4),  but  that  much  of  the  damage  in  a non-amorphizing  implant 
is  not  annealed  even  at  900°C  (Fig.  7.6). 

7.3.  Conclusions  Regarding  Ga^-Implanted  Si 

The  results  presented  here  lead  us  to  some  interesting  conclusions 
regarding  Ga-implanted  Si: 

(1)  Within  the  limitation  of  the  ^Ga+  detection  by  our  ion 

microproba,  no  penetrating  tails  are  observed  prior  to  annealing  for 

15  -2  1^  -2 

either  amorphizing  (10  cm  ) or  non-amorphizing  (10  cm  ) implants.  This 
result  agrees  with  the  observation  by  Gamo  et  al.  [105]  that  implanted  Ga 
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Fig.  7.6.  Net  acceptor  and  mobility  profiles  for  sample  2 (1x10  cm* 

Ga+)  after  annealing  at  900®C  for  15  minutes.  The  atomic  pro- 
file (from  Fig.  2)  is  also  shown.  The  shaded  area  indicates 
electrically  ..nactive  Ga  atoms  over  much  of  the  profile.  Mo- 
bility data  are  compared  with  bulk  silicon  mobility  values. 
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profiles  are  essentially  Gaussian.  The  tail  observed  by  Crowder  [75]  in 

a sample  corresponding  to  our  sample  1 was  apparently  due  to  other  effects, 

as  suggested  in  his  paper.  Deamaley  et  al.  [106]  have  argued  that  the 

13  -2  + 

channeling  effect  will  cause  a tail  in  low-dose  (1x10  cm  ) Ga  implants. 

14  -2 

Our  results  indicate,  however,  that  doses  of  10  cm  or  higher  result 

in  essentially  Gaussian  distributions  before  annealing.  Perhaps  the 

14  -2 

disorder  created  by  a 10  cm  Ga  implant  is  sufficient  to  prevent 
significant  channeling.  Our  results  do  not  address  the  question 
of  whether  the  enhanced  diffusion  mechanism  [105]  or  the  channeling 
effect  [106]  is  responsible  for  penetrating  tails  observed  in  high 
temperature  Ga+  implantation  [105] . Such  high-temperature  implantation 
has  been  found  to  create  considerable  damage  which  is  resistant  to  annealing 
[26,95].  It  is  therefore  not  likely  to  be  used  in  common  applications. 

(2)  Anomalous  gallium  diffusion  in  Ga+-implanted  Si  is  related 
to  recrystallization  of  the  amorphous  layer  and  ion  damage  in  crystalline 
Si  (Figs.  7.1  and  7.2).  We  speculate  that  defect-enhanced  diffusion  at 
900°C  is  the  cause  of  pronounced  tails  in  samples  1 and  2,  and  accumulation 
near  the  surface  in  sample  2. 

(3)  Using  an  amorphizing  Ga  implant,  it  is  possible  to  achieve 

electrically  active  acceptor  concentrations  above  the  Ga  solubility  limit 

by  recrystallization  at  600°C.  The  solid  solubility  of  Ga  in  Si  at  600°C 

is  not  shown  in  Trumbore's  [82]  curve,  but  it  should  be  lower  than  the  700°C 
19  -2 

value  of  10  cm  . Hie  active  carrier  concentration  for  sample  1 annealed 
at  600°C  is  obviously  higher  than  this  value  (Fig.  7.4).  Similar  over- 
saturation has  been  observed  for  Sb+-implanted  Si  annealed  at  600°C  [107]. 
Although  the  advantage  of  high  carrier  concentration  in  Fig.  7.4  is 
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compensated  somewhat  by  low  mobility,  a significantly  improved  sheet 
resistance  is  achieved  (Fig.  7.3).  It  is  important  to  note  that  this  over- 
saturation is  related  to  recrystallization  of  the  amorphous  layer.  For  a 
Si  sample  implanted  with  10 ^ cm  “ Ga"*"  at  500°C  (where  no  amorphized  layer 
is  formed),  the  reported  [110]  activation  of  Ga  at  600°C  is  only  about  5% 
of  that  shown  in  Fig.  7.4. 

(4)  After  sample  1 is  annealed  at  900°C,  the  peak  carrier  con- 
19  -3 

centration  drops  to  ~ 2x10  cm  , which  is  the  solid  solubility  value 
at  900°  [82].  This  level  of  electrical  activity  agrees  with  previous 
observations  in  Ga-implanted  Si  annealed  at  this  temperature  [40] . The 
decrease  in  Ga  activation  upon  annealing  above  the  recrystallization 


temperature  is  reflected  also  in  the  sheet  resistance  as  a reverse 
annealing  stage  (Fig.  7.3). 

(5)  Even  when  the  Ga  atomic  concentration  is  lower  than  the  solid 

solubility,  full  activation  of  the  Ga  atoms  is  not  achieved  after  900°C 

annealing.  This  is  evident  from  comparison  of  the  acceptor  concentration 

profile  with  the  atomic  Ga  distribution  in  Fig.  7.6.  There  is  also  reduced 

Ga  activation  near  I in  Fig.  7.5,  in  which  the  net  acceptor  concentration 

19  -3 

falls  below  the  2x10  cm  value  expected  from  the  solid  solubility  effect. 
These  cases  of  reduced  activation  reflect  regions  of  residual  damage 
after  annealing,  and  are  undoubtedly  due  to  a combination  of  non-substitu- 
tional  Ga  (including  Ga-defect  complexes)  and  compensation  of  Ga  acceptors 
by  other  defects.  The  diffused  tails  in  Figs.  7.5  and  7.6  are  outside 
the  regions  of  implantation-induced  damage  and  exhibit  good  activation 


and  high  mobility. 
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(6)  Implanted  Ga  Is  promising  for  device  applications  requiring 
shallow  p regions.  By  annealing  heavily  implanted  samples  near  the  Si 
recrystallization  temperature  (~  550-600°C) , high  acceptor  concentrations 
can  be  achieved  with  negligible  thermal  diffusion  (Fig.  7.4).  As  is  the 
case  for  BF2+  implants,  however,  an  inactive  region  lies  below  the 
original  amorphous-crystalline  interface  (I)  after  recrystallization. 
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8.  STUDIES  OF  RESIDUAL  DAMAGE 


It  is  well  known  that  ion-implanted  crystals  will  contain  a 
great  deal  of  damage  [111,112].  Especially  in  high-dose  implanted  Si,  an 
amorphous  Si  layer  can  be  created  as  discussed  in  Chapter  3.  During 
annealing,  the  implanted  dopants,  such  as  B and  Ga,  are  incorporated  into 
electrically  active  sites  and  the  mobility  recovered  close  to  bulk  value 
(Chapters  4 and  7).  However,  more  detailed  studies  of  residual  damage  in 
high-dose  implanted  Si  after  annealing  are  necessary  for  high  quality 
device  applications.  The  crystallographic  imperfection  has  been  studied 
by  aligned  backscattering  [25,26]  and  transmission  electron  microscopy 
[27,28].  The  electrical  effects  of  residual  damage  in  the  recrystallized 
amorphous  Si  sample  have  never  been  thoroughly  studied,  however.  This 
chapter  is  devoted  to  the  studies  of  electrical  properties  of  residual 
damage . 

The  most  Important  electrical  effects  of  defects  are  the  creation 
of  deep  levels  in  the  silicon  band  gap,  which  serve  as  carrier  traps  or 
recombination  centers.  These  defects  will  affect  the  reverse  leakage 
current  of  p-n  junctions,  the  quantum  efficiency  of  light-emitting  diodes, 
and  charge  transfer  efficiency  in  surface  devices  such  as  CCDS  • Almost  all 
of  the  earlier  data  about  deep  level  defects  were  obtained  on  uniform 
samples  from  the  temperature  dependence  of  the  Hall  effect  and  electrical 
conductivity  [113]  and  from  infrared  spectroscopy  [114].  The  Hall  effect 
and  conductivity  measurements  are  tedious  and  require  variation  of 
temperature  from  that  of  liquid  helium  to  near  room  temperature.  The 
accuracy  is  limited  by  uncertainties  in  the  theoretical  model  of  bound 
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electron  or  hole  states  in  semiconductors,  such  as  the  unknown  excited 
states  and  energy  level  degeneracy  levels.  Infrared  spectra  measurements 
suffer  similar  limitations  and  can  only  detect  radiative  levels.  Recently, 
transient  capacitance  measurement  techniques  have  been  developed  in 
conjunction  with  thermally  stimulated  currents  and  photoconductivity  to 
provide  information  on  electrical  properties  of  deep-level  impurities 
and  defects  [116,117].  The  most  powerful  transient  capacitance  technique, 
called  deep  level  transient  spectroscopy  (DLTS)  [118] , has  been  used  in  this 
work  for  the  studies  of  residual  damage  in  ion-implanted  silicon.  Some 
reverse  bias  leakage  currents  for  p-n  junctions  are  also  measured  to 
provide  additional  Information  about  residual  damage. 


8.1.  Deep  Level  Transient  Spectroscopy  (DLTS) 

DLTS  is  a capacitance  transient  thermal  scanning  technique  which 
has  high  sensitivity  and  speed,  a wide  range  of  observable  trap  depths, 
and  the  advantage  of  detecting  nonradiative  centers.  The  principles  of 
DLTS  and  the  apparatus  used  in  this  work  will  be  briefly  discussed  here. 

8.1.1.  Pulsed  Bias  Capacitance  Transients 

The  use  of  capacitance  transients  for  trap  studies  in  semi- 
conductors is  well  known  [116,117,120].  This  technique  is  used  to  obtain 
Information  about  an  Impurity  level  in  the  depletion  region  of  a Schottky 
barrier  or  p-n  junction.  Following  an  initial  nonequilibrium  condition, 
one  observes  the  capacitance  transient  associated  with  the  return  to 
thermal  equilibrium  of  the  occupation  of  the  level.  In  DLTS  this  initial 
nonequilibrium  condition  is  achieved  by  using  voltage  pulses  [118,119]. 

A p-n  asymmetric  diode  is  used  to  illustrate  the  capacitance  transient, 
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although  the  same  results  hold  as  well  for  an  n+  p junction,  with  appro- 
priate changes  of  notation.  Figures  8.1  and  8.2  show  graphically  the 
relation  between  the  time  evolution  of  the  junction  capacitance  and  defect 
charge  states. 

Defect  levels  can  be  divided  roughly  into  two  categories, 
depending  on  their  location  in  the  forbidden  gap.  In  the  space  charge 
region  of  a reverse -biased  diode,  where  thermal  emission  rates  determine 
equilibrium,  such  levels  tend  to  be  empty  of  electrons.  Such  levels 
are  called  "majority  carrier  traps,"  since  during  a voltage  pulse  which 
reduces  the  reverse  bias  they  tend  to  trap  majority  carriers  (electrons). 
As  shown  in  Figure  8.1,  these  majority  carrier  traps  give  rise  to  a 
negative  capacitance  transient  after  a majority  carrier  pulse. 

The  second  category  of  levels  shown  in  Figure  8.2  are 
"minority  carrier  traps"  since  they  tend  to  be  full  of  electrons  in  the 
space  charge  region  and  able  to  capture  minority  carriers  during  a voltage 
pulse  which  drives  the  diode  into  forward  bias  and  injects  holes 
(injection  pulse).  Such  levels  tend  to  be  in  the  lower  half  of  the  gap  in 
n-type  material.  As  shown  in  Figure  8.2,  a minority  carrier  trap  gives 
rise  to  a positive  capacitance  transient  after  an  injection  pulse. 

All  of  the  capture  and  emission  properties  of  a particular  level 

may  be  determined  from  observation  of  the  related  capacitance  transient. 

The  trapped  carrier  emission  rate  (e)  is  simply  the  inverse  of  the 

transient  time  constant  (t).  Thus  the  activation  energy  for  emission  may 

be  determined  from  the  temperature  dependence  of  this  time  constant  by 

plotting  the  log  of  the  emission  rate  versus  the  inverse  temperature 

2 

(with  appropriate  corrections  for  the  T dependence  of  the  prefactor  to 
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Quiescent  Reverse  Bias 
t<0 


Beginning  of  Transient 
t = 0+ 


Decay  of  Transient 
Due  to  Thermal  Emission 
t>0 


Fig.  8.1.  Capacitance  transient  due  to  a majority  carrier  trap  in  a p-n 
diode.  The  insets  labeled  1 through  4 schematically  show  the 
charge  state  of  the  defect  level  and  width  of  the  space  charge 
region  (unshaded  portion)  at  various  times  before  and  during 
the  transient.  (Lang  [118}) 
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Beginning  of  Transient 
t*0* 


Decay  of  Transient 
Due  to  Thermal  Emission 
t>0 

Fig.  8.2.  Capacitance  transient  due  to  a minority  carrier  trap  in  a 
p-n  diode.  (Lang  [118]) 
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Che  exponential) . The  capture  cross  sections  for  holes  and  electrons  can 
be  determined  from  the  dependence  of  the  transient  amplitude  on  the  width  of 

the  bias  pulse,  as  shown  by  Henry  et  al.  [121].  The  concentration  of  de- 

fects is  given  by  the  amplitude  of  the  transient  for  those  conditions 
where  the  pusle  is  long  enough  to  completely  fill  all  states  of  the  de- 
fect [116].  If  the  concentration  of  the  defect  centers  (N^,)  is  much 

smaller  than  the  concentration  of  the  majority  doping  impurity  (N^) , the 
relation  between  the  amplitude  of  transient  capacitance  AC  and  quiescent 
capacitance  C is 

AC 

C 

8.1.2.  DLTS  Methods 

The  DLTS  method  makes  it  possible  to  process  the  information 
inherent  in  capacitance  transients  in  such  a way  as  to  present  a spectrum 
defect  levels.  This  allows  rapid  measurement,  even  of  complicated  systems 
with  many  defect  levels  such  as  residual  damage  in  implanted  Si.  The  key 
to  the  DLTS  scheme  is  the  rate  window  concept  [118].  Basically,  one  employs 
a detection  system  which  is  tuned  to  respond  only  a repetitive  transient 
having  a particular  time  constant.  As  the  temperature  is  varied,  the  emis- 
sion rate  of  a defect  level  changes  accordingly.  Thus  at  a certain  temper- 
ature the  emission  rate  equals  the  tuned  rate  window,  and  a maximum  response 
is  registered  (Fig.  8.3).  Thus  a spectrum  of  defect  levels  can  be  obtained 
as  a function  of  temperature.  Changing  the  rate  window  to  lower  (higher) 
rates  shifts  the  spectrum  to  lower  (higher)  temperatures  and  enables  one  to 
construct  an  Arrhenius  plot  of  emission  rate  versus  inverse  temperature 
from  which  the  activation  energies  for  emission  may  be  determined.  Majority 
carrier  traps  give  negative  transients  and  thus  negative  peaks;  conversely, 
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Fig.  8.3.  The  DLTS  rate  window  concept.  The  lower  half  of  the  figure  shows 

the  typical  temperature  dependence  of  the  emission  rate  of  carriers 
of  a sample  with  two  defect  levels.  The  upper  half  shows  how  the 
system  response  passes  through  a maximum  whenever  the  temperature 
is  such  that  the  emission  rate  of  a particular  trap  is  within  the 
preset  rate  window.  (Lang  [118]) 
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minority  carrier  traps  give  positive  peaks. 

The  rate  window  has  been  achieved  in  this  work  by  either  a lock-in 
amplifier  or  a dual  gated  boxcar  integrator.  Detailed  description  of  the 
systems  and  the  data  analysis  are  presented  in  the  following. 

8.1.3.  Experimental  Apparatus 

The  block  diagram  of  the  DLTS  system  used  in  this  work  is  shown 
in  Fig.  8.4.  The  pulsed  bias  is  generated  by  a precision  power  supply 
and  a pulse  generator.  The  pulse  can  be  coupled  to  the  diode  through  a 
pulse  transformer  as  shown  in  Fig.  8.4.  Another  method  is  to  connect  the 
pulse  generator  output  to  the  "low"  side  of  the  capacitance  meter's  bias 
terminal,  and  provide  a constant  voltage  at  the  "high"  side.  Both  circuits 
result  in  pulsed  bias  of  the  testing  diode  (Fig.  8.5a).  If  there  is  a 
majority  carrier  trap,  the  transient  signal  from  the  capacitance  meter 
appears  as  shown  in  Fig.  8.5b.  Since  the  signal  during  the  pulse  contains 
no  important  information  and  normally  overflows  the  lock-in  amplifier  and 
boxcar  integrator,  a sample-and-hold  circuit  was  designed  to  gate  out  the 
signal  within  the  period  of  the  pulse  and  the  response  time  of  the  capacitance 
meter.  Therefore,  a transient  signal  due  to  trap  levels  is  retained,  as  in 
Fig.  8.5c.  Using  the  DLTS  rate  window  concept,  a PAR  HR-8  lock-in 
amplifier  is  used  for  the  rate  window  (Fig.  8.5d),  or  a dual  gated  boxcar 
integrator  can  be  applied  as  a rate  window  PAR  162  (Fig.  8.5e).  The  output 
of  the  lock-in  amplifier  or  boxcar  integrator  is  plotted  against  temperature 
on  an  X-Y  recorder.  A Sulfrian  cryogenic  dewar  was  modified  for  electrical 
measurements.  An  Artronix  temperature  controller  was  used  for  temperature 
selection  and  thermal  scanning.  Both  a thermocouple  and  a calibrated 
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Fig-.  8.4.  Block  diagram  of  DLTS  system. 
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Pt-thermom«ter  were  placed  adjacent  to  the  test  diode  for  temperature 
measurements . 

8.1.4.  Data  Analysis 

Although  the  rate  window  concept  is  fairly  simple,  the  data 
analysis  involves  rather  complicated  computation.  Basically,  the  transient 
signal  is  characterized  by  a weighting  function  provided  by  a lock-in 
amplifier  or  boxcar  integrator  (Fig.  8.5d  and  e).  The  DLTS  signal  is  the 
integration  of  the  transient  signal  times  the  weighting  functions  [122]. 

For  the  boxcar  integrator  [119]  with  gates  set  at  two  instants  (t^  and  , 
the  signal  from  the  differential  output  is  simply  the  capacitance  at  t^ 
minus  the  capacitance  at  t^ , C(t^)-  CCt^).  The  value  of  decay  time  t at 
the  maximum  of  C(t^)-C(t2)  vs.  temperature  T for  a particular  trap  is  called 


t . It  can  be  shown  that 
max 


(8.2) 


This  result  is  based  on  the  assumption  that  gate  width  of  the  boxcar  in 

integrator  is  infinitesimal.  It  is  known  [119,122],  however,  that  the 

signal  to  noise  ratio  increases  with  wider  gate  width  (W).  The  detailed 

derivation  of  t for  a nonzero  gate  width  W has  been  discussed  elsewhere 
max 

W 

[123].  The  resulting  t /t..  vs.  p(=  ~ — — ) for  typical  values  of  t0/t1 

max  j.  l 1 

Z 1 W W 

is  shown  in  Fig.  8.6.  If  the  midpoints  of  the  gates  t^  + j and  t^  + 7 art* 

used  to  substitute  for  t^  and  t^  in  equation  8.1,  an  approximation  to 

t / t,  is  obtained  (shown  dashed  in  Fig.  8.6).  It  is  clear  that  the 

max  1 

midpoint  approximation  introduces  an  error  less  than  10%. 

Kimerling  [124]  has  discussed  the  use  of  a lock-in  amplifier 
for  the  DLTS  rate  window.  The  signal  response,  phase  adjustment  procedure, 


Normalized  Thermal  Emission  Time  Consta 

(Tmax/U) 


Fig.  8.6.  Normalized  emission  time  constant  (t  /t.)  plotted  vs.  normalized 
gate  width  p for  the  boxcar  integratB^case.  The  solid  lines  are 
exact  solutions  and  the  dashed  lines  are  the  results  from  midpoint 
approximation. 
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and  calculation  of  trap  concentrations  from  the  peak  output  of  the  lock-in 
amplifier  have  been  discussed  previously  [125]  for  the  ideal  case,  in 
which  the  system  response  time  and  overloading  of  the  capacitance  meter 
may  be  neglected.  As  discussed  in  Section  8.1.3,  in  fact  a small  portion 
(t^)  of  the  initial  transient  signal  must  be  gated  off  by  a sample-and-hold 
circuit.  In  this  case,  the  ratio  between  transient  peaks  of  the  gated 


signal  to  the  original  signal  is  e 


Since  t is  a function  of  tempera - 


-t  /T 

ture,  the  factor  e complicates  the  data  analysis.  In  the  case  of 

boxcar  integrator,  this  complication  can  be  avoided  by  setting  t^  > t^. 

However,  in  the  lock-in  amplifier  case,  the  analysis  proposed  by  Schott 

et  al.  [125]  is  no  longer  valid.  A detailed  study  of  these  effects  and 

appropriate  solutions  has  been  discussed  elsewhere  [123]  . The  basic 

principle  of  the  new  analysis  is  to  Fourier  expand  the  transient  signal, 

then  calculate  the  as  a function  of  lock-in  amplifier  frequency  with 

correction  for  the  gating-off  period  included. 

The  output  of  a lock-in  amplifier  depends  on  the  phase  tuning, 

We  studied  two  methods  [123],  which  we  call  the  in-phase  method  and  the 

maximum -out put  method.  For  the  in-phase  method  one  adjusts  the  internal 

reference  signal  of  the  lock-in  amplifier  in  phase  with  the  input  signal. 

In  the  maximum -out put  method,  one  adjusts  the  phase  angle  to  ^nax  giving 

maximum  output  for  a certain  transient  signal  input.  Both  methods  yield 

the  same  information  about  a trap  level,  but  use  slightly  different  analysis. 

The  normalised  emission  time  constant  t / T-  vs.  f is  plotted  in 

Fig.  8.7,  where  f(*  — ) is  the  frequency  of  the  lock-in  amplifier.  In  the 

T0 

same  figure,  dashed  lines  show  the  results  of  neglecting  the  gating-off 
effect.  The  discrepancy  is  quite  large;  there,  it  is  important  to  consider 
the  gating-off  effect  in  the  lock-in  amplifier  DLTS  system. 
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Fig.  8.7.  Normalized  emission  time  constant  (rmav/Tn)  vs.  pulse  frequency  f 
for  the  lock-in  amplifier  case.  Results  from  both  in-phase  and 
maximum-output  methods  are  shown.  The  dashed  lines  illustrate 
neglect  of  the  gating-off  effect. 
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8.1.5.  System  Calibration 

Since  Au-doped  Si  has  been  extensively  studied  before 

[126,127],  characteristics  of  the  Au  levels  are  well  known.  To  examine 

the  various  DLTS  techniques  discussed  in  the  previous  section,  an 

n+-p  Au  doped  diode  was  measured.  In  order  to  simplify  the  results, 

only  a Au-donor  level  was  examined.  The  results  are  presented  in 

Table  8.1.  It  is  found  that  the  midpoint  approximation  gives  results  almost 

identical  to  the  exact  solution  for  the  boxcar  integrator  case:  However, 

using  the  lock-in  amplifier,  neglect  of  the  t^  effect  introduces  significant 

errors  in  t and  the  energy  level  AE.  The  corrected  in-phase  method  and 
max 

maximum-input  method  yield  the  same  results  as  obtained  using  the  boxcar 
integrator.  The  corrected  experimental  value  for  the  Au  donor  level 
( AE  * .33  + .01  eV)  agrees  well  with  Buehler's  value  [126].  This  work 
on  data  analysis  (Section  8.1.4)  and  system  calibration  (Section  8.1.5) 
of  DLTS  was  done  in  collaboration  with  D.S.  Day.  The  details  are  presented 
in  Ref.  123. 

8.2.  Studies  of  Residual  Damage  in  BF^+,  Ga*  Implanted  Si 

One  of  the  useful  applications  of  DLTS  is  the  study  of  residual 
damage  in  ion-implanted  semiconductors  after  annealing.  Although  the 
electrical  activation  of  boron  and  gallium  in  Si  has  been  studied  thoroughly 
in  Chapter  4 and  7 respectively,  the  residual  damage  is  still  not  well 
understood.  In  this  section,  DLTS  measurements  on  p+-n  diodes  made  from 
B?2+  or  Ga+  implanted  Si  are  discussed.  The  results  are  compared  with 
the  current -voltage  (I-V)  characteristics. 

8.2.1.  Diode  Fabrication 

Either  150  keV  BF2+  or  200  keV  Ga+  was  implanted  at  room  tempera- 
ture into  phosphorus -doped  4-60-cm  (100)  Si  to  a fluenee  of  1x10^  cm*^. 


102 


I 


Table  8.1.  Comparison  of  the  thermal  emission  time  constant  and 
the  energy  level  obtained  from  various  methods. 


■ 

a 

o 

o 


CASE 

METHOD 

Tmx  (”“c) 

AE  (eV) 

exact  solution 

2.73tL 

0.33  + 0.03 

boxcar  averager 

midpoint  approximation 

2.73t1 

0.33  + 0.03 

in-phase  method: 

with  correction 

0.4282  Tn  + 1.87 

0.33  + 0.01 

0 

without  correction 

0.4282  Tn 

0.36  + 0.01 

0 

lock-in  amplifier 

maximum-output  method: 

with  correction 

0.3485  T_  + 2.28 

0.33  + 0.01 

o 

~ 

without  correction 

0.3485  Tq 

0.38  + 0.03 
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The  energies  chosen  result  in  similar  distributions  of  boron  and  gallium 
In  silicon.  After  samples  were  annealed  at  550°C  for  2 hours,  p+-n 
diodes  with  15  mil  diameter  were  defined  photolithographically  and  mesa 
etched.  A1  was  used  to  form  contacts  to  the  p+  region,  and  Au-Sb  was 
alloyed  to  n region.  After  cleaving,  diodes  were  mounted  on  TO-18  headers 
for  measurement. 

8.2.2.  DLTS  and  I-V  Measurements 

The  DLTS  measurements  for  BF£+  and  Ga+-implanted  mesa  diodes 
are  shown  In  Fig.  8.8  and  8.9  for  two  different  majority  carrier  pulse 
heights,  10  and  8 volts.  As  illustrated  in  Fig.  8.5a,  under  the  10  V 
reverse  bias,  the  10  V pulse  probes  the  area  close  to  the  junction  region, 
whereas  the  8 V pulse  probes  defects  away  from  the  junction.  Since  the 
output  of  the  DLTS  system  is  proportional  to  the  concentration  of  defects 
[118,125],  it  is  obvious  the  damage  in  the  BF^+  diode  is  greater  than 
that  in  the  Ga+  diode  in  the  junction  region  (Fig.  8.8).  Away  from  the 
junction  (Fig.  8.9),  however,  the  Ga+  diode  has  more  pronounced  damage. 

These  results  are  consistent  with  the  electrical  carrier  profile  measure- 
ments in  Fig.  4.3  and  Fig.  7.4,  which  indicate  BF2+- implanted  Si  has  a 
larger  damaged  region  in  the  junction  than  does  Ga+-implanted  Si  after 
recrystalllzatlon  at  low  temperature.  It  is  not  clear  why  the  Ga+-implanted 
diode  exhibits  greater  damage  away  from  the  junction  in  DLTS,  but  it  might 
be  due  to  the  propagation  of  defects  from  damaged  region  into  n region  in 
Ga+-lmplanted  Si  during  annealing. 

The  I-V  characteristics  of  these  diodes  have  been  discussed 
elsewhere  [128].  The  data  show  BF2+  diodes  have  larger  leakage  current 
than  Ga+  diodes  (at-70  V,  leakage  current  is  5 na  for  Ga+,  400  na  for  BF2+)- 


units) 


BF2 -Implanted  Diode 

Ga+- Implanted  Diode 

Reverse  Bias  10V 

Majority  Carrier  Pulse  8Vt  10/nsec 


pig.  8.9. 


90  120  150  180  210  240  270  300  330  360 

Temperature  (°K) 

DLTS  data  for  BF^  and  Ga^-implanted  diodes.  With  10V  reverse  bias, 
the  8V  majority  carrier  pulse  probes  the  damage  away  from  the 
junction  region. 
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This  result  agrees  with  our  CLTS  observation  of  more  damage  In  the  junction 
region  of  the  BF2+  diode. 

Both  DLTS  and  I-V  measurements  were  preliminary  results  and  they 
were  done  on  mesa  etched  diodes.  Since  the  etched  surface  may  have  some 
effect  on  the  results,  measurements  on  planar  diodes  are  needed  to  confirm 
these  observations. 
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9.  SUMMARY  AND  CONCLUSIONS 

In  this  work,  implanted  amorphous  Si  formation  through 
Si+  + B+,  or  Ga+  high-dose  implantation  has  been  studied  by  critical  dose 
calculations  and  experimentally  by  amorphous  Si  etching.  The  electrical 
properties  of  recrystallized  Si  have  been  studied  by  differential  resistivity 
and  Hall  effect  measurements.  The  electrically  active  residual  damage  after 
annealing  was  examined  by  deep-level  transient  spectroscopy  (DLTS).  Anomalous 
redistribution  of  fluorine  and  gallium  during  annealing  was  investigated 
by  secondary  ion  mass  spectrometry  (SIMS).  Auger  electron  spectroscopy  (AES) 
was  used  for  studying  the  surface  contamination  produced  by  high-dose 
Implantation.  In  this  chapter,  results  and  conclusions  of  this  work  are 
summarized. 

I . Crystal  Structure  for  High-Dose  Implanted  Si 

After  high -dose  implantation,  a continuous  amorphous  layer  forms 
on  the  surface  of  the  crystalline  Si  substrate,  if  the  implanted  ion  dose 
is  above  the  critical  dose  for  amorphous  state  transformation  at  the 
implantation  temperature.  This  amorphous  Si  transformation  is  illustrated 
by  calculations  using  a critical-energy-density  model  or  a damage-overlap 
model,  and  is  detected  by  an  experimental  etching  technique  for  the 
samples  studied  in  this  work.  The  theoretical  calculations  have  some 
uncertainty,  but  the  etching  technique  is  verified  to  be  a reliable  method 
to  detect  amorphous  Si  and  its  thickness.  Underneath  this  amorphous  layer, 
a heavily  damaged  crystalline  layer  exists.  As  discussed  below,  this  layer 
is  responsible  for  electrical  inactivation,  gettering  of  impurities,  and 
enhanced  diffusion  in  Si. 

The  unique  bilayer  structure  (amorphous  and  damaged  crystalline 
layers)  in  high-dose  implanted  Si  determines  its  annealing  behavior.  The 
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special  electrical  activation,  impurity  migration,  and  residual  damage 

^ ^ 

observed  in  high-dose  BF2  > Si  + B , or  Ga  -implanted  Si  can  be  attributed 
to  this  bi layer  structure. 

II.  Recrvstallization  of  Implanted  Amorphous  Si 

Although  recrystallization  of  implanted  amorphous  Si  has  been 
studied  by  aligned  backscattering  methods  [25,73],  this  work  is  the  first 
to  directly  illustrate  the  recrystallization  of  amorphous  layers  from  the 
underlying  crystal  toward  the  surface  by  the  profiling  of  electrical  carrier 
concentrations.  We  find  that  nearly  100%  activation  of  implanted  boron  or 
gallium  dopants  can  be  achieved  at  550-600°C  annealing  through  recrystal- 
lization. In  contrast,  less  than  857,  activation  can  be  obtained  even  after 
900°C  annealing  for  30  min.  Mobility  is  also  recovered  for  boron  in 
silicon  through  recrystallization  at  low  temperature.  However,  the  concen- 
tration of  electrical  carriers  is  found  to  be  limited  by  the  solid  solubility 
(1.2xl0^cm  for  boron  in  Si  at  550°C  (Chapter  4).  In  contrast,  the 
activation  of  Ga  by  recrystallization  in  implanted  amorphous  layers  can 
exceed  the  solid  solubility.  Ihe  advantage  of  high  carrier  concentration 
in  Ga-implanted  Si  is  compensated  somewhat  by  lower  mobility  (Fig.  7.4). 

In  addition,  after  annealing  at  900°C,  the  activation  of  Ga  is  limited  by 

19  -3 

solid  solubility  (2x10  cm  ).  The  oversaturation  of  Ga  activation  at 
550-600°C  is  the  basic  difference  between  boron  and  gallium  in  implanted 
amorphous  Si. 

Besides  the  good  electrical  activation  of  dopants  in  recrystallized 
amorphous  Si,  the  impurity  migration  in  this  layer  is  also  more  predictable 
than  in  crystalline  Si  damaged  by  ion  implantation.  The  normal  migration 
of  fluorine  in  Chapter  5 and  normal  diffusion  of  Ga  in  Chapter  7 are 


i 


, . ■ ■ . 


! 


109 


> 


*1 


confined  to  the  recrystallized  amorphous  Si.  This  also  indicates  good 
crystal  quality  of  the  re crystallized  amorphous  Si. 

A well-defined  recrystallization  rate,  80&/min,  has  been  found 
for  implanted  amorphous  Si  on  (100)  Si  at  550°C  [25],  It  has  also  been 
found  that  boron  in  amorphous  Si  will  enhance  the  recrystallization  rate 
[73].  In  this  work  fluorine  is  found  to  have  no  electrical  effect  on 
the  activation  of  boron  in  BF ^ +- implanted  Si.  Nevertheless,  we  find  that 
fluorine  slows  down  the  recrystallization  by  comparing  the  recrystalliza- 
tion of  amorphous  Si  containing  BF2  or  B alone  (Fig.  4.5  and  4.6).  The 
estimated  regrowth  rate  is  10-50^/min  at  550°C  in  BF2+_ implanted  Si. 

Ill . Effects  of  Damaged  Crystalline  Si 

Aligned  backscattering  methods  have  not  been  able  to  detect  the 
damaged  crystalline  Si  layer  underneath  the  original  amorphous  Si  layer 
after  550°C  annealing  [25,73].  This  residual  damage  is  apparently  below 
the  sensitivity  limitation  of  backscattering  methods.  Transmission 
electron  microscopy  (TEM)  has  observed  some  defect  clusters  in  the  region 
under  the  recrystallized  amorphous  layer  [28].  In  this  work,  effects  due  to 
such  damaged  crystalline  regions  are  reflected  in  electrical  activation, 
impurity  migration,  and  DLTS  measurements.  Whether  the  high-dose  implants 
are  performed  at  room  temperature  or  near  liquid  nitrogen  temperature, 
some  residual  damage  is  present  after  recrystallization. 

The  first  effect  is  electrically  inactive  regions  in  BF2+,  or 
Ga+-implanted  Si.  An  inactive  tail  is  always  observed  below  the  original 
amorphous -crystalline  interface  after  550°C  annealing  (Figs.  4. 3-4. 5,  7.4). 
These  cases  of  reduced  activation  are  undoubtedly  due  to  a combination  of 
non-substitutional  B or  Ga  (including  Ga-  or  B-defect  complexes)  and 
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compensation  of  B or  Ga  acceptors  by  other  defects.  This  inactive  region 
is  in  sharp  contrast  to  the  ~100%  activation  in  the  recrystalled  amorphous 
region  itself. 

The  second  effect  observed  is  the  gettering  of  fluorine  by 
ion  damage  in  BF2+_iniplanted  Si.  The  pronounced  fluorine  peak  found  in 
the  damaged  crystalline  region  (Figs.  5.1,  5.3,  5.5)  is  a dramatic 
illustration  of  impurity-defect  interaction.  In  samples  implanted  at  room 
temperature,  the  gettering  does  not  diminish  until  samples  have  been 
annealed  at  1100°C.  It  is  interesting  that  this  type  of  damage  is  much  less 
severe  in  samples  implanted  at  -110°C,  as  indicated  by  the  minor  fluorine 
gettering  observed  in  Fig.  5.5. 

The  damaged  crystalline  region  in  Ga+-implanted  Si  is  characterized 

by  defect-enhanced  diffusion.  We  find  the  diffusion  coefficient  for  Ga  in  • 

such  damaged  crystalline  Si  to  be  ~ 4x10  ^ cm^sec  ^ at  900 °C.  This  is 

-15  2 -1 

a decade  larger  than  the  normal  diffusivity  of  4x10  cm  sec  for  Ga  in 
Si,  including  recrystallized  Si.  Ihe  difference  in  diffusivity  causes  the 
anomalous  redistribution  observed  in  Ga+-implanted  Si  (Fig.  4.1). 

DLTS  measurements  also  verify  the  existence  of  a damaged 
crystalline  region  near  amorphous -crystal line  interface.  BF2+-implanted 
Si  has  more  severe  damage  than  Ga+- implanted  Si,  since  the  damaged 
crystalline  region  in  BF2+_implanted  Si  is  larger.  This  reflects  in  the 
DLTS  measurements  and  the  diode  characteristics  reported  here  (Fig.  8.8, 
and  Section  8.2). 
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IV.  Low  Temperature  Annealing 

As  discussed  above,  the  damaged  crystalline  Si  layer  in  high-dose 
implanted  Si  is  the  cause  of  many  problems.  High  activation  can  be  achieved 
by  recrystallization  at  low  temperature  (~  550°C),  but  this  underlying 
damaged  crystalline  Si  region  is  still  unannealed  at  this  temperature.  There- 
fore, Si+  multiple  implants  are  used  to  purposely  create  a continuous 
amorphous  layer,  then  the  desired  dopant  (e.g.,  b"*)  is  implanted  into  this  prc 
amorphized  layer.  This  successfully  removes  the  inactive  tail  (Fig.  4.6) 
which  is  always  observed  in  BF2+-implanted  Si.  In  these  Si+-preamorphized 
samples,  the  damaged  crystalline  layer  still  exists,  but  it  is  now  located 
under  the  thicker  amorphous  layer,  away  from  the  junction.  The  effect  of 
removing  the  damaged  crystalline  layer  from  the  junction  region  has 
important  implications,  and  deserves  further  study.  This  result  allows  the 
fabrication  of  high-quality  junctions  using  low  temperature  processing, 
which  is  compatible  with  A1  metallization  and  provides  excellent  profile 
control  with  negligible  diffusion. 

V.  Surface  Contamination 

Another  problem  associated  with  high-dose  implantation  is  the 
carbonaceous  surface  contamination  produced  by  typical  ion-implantation 
procedures.  These  contamination  layers  (up  to  ~ lOoX  thick)  have  been 
examined  here  by  Auger  electron  spectroscopy.  Such  layers  inhibit  etching 
and  interfere  with  ohmic  contact  formation.  No  simple  methods  apart  from 
anodization  and  stripping  have  been  found  to  remove  these  layers.  However, 
by  using  perf luorinated  polyether  diffusion  pump  oil  in  the  implanter 
target  chamber  vacuum  system,  the  contamination  layer  can  be  effectively 
eliminated . 
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VI . Further  Studies 

The  detailed  nature  of  residual  ion  damage  in  high -dose  implanted 
silicon  is  still  unknown.  In  view  of  the  importance  of  this  problem, 
further  studies  should  be  performed  to  obtain  a better  understanding  of  the 
character  of  this  damage. 

(1)  More  detailed  DLTS  studies  should  be  performed  on  recrystallized 


amorphous  Si.  The  electrical  activation  and  mobility  in 


recrystallized  amorphous  layers  formed  by  BF^"^  or  Si+  + B+  are 


extremely  good.  However,  information  on  carrier  lifetime 
and  trapping  inside  the  recrystallized  layer  is  still  lacking. 


A detailed  DLTS  study  on  recrystallized  amorphous  Si  layer 
.+ 


formed  by  Si  implants  will  provide  the  necessary  information 
about  the  quality  of  the  recrystallized  layers. 

(2)  DLTS  studies  of  the  annealing  behavior  of  the  damaged  crystalline 
layer  should  be  performed.  The  damaged  crystalline  Si  under- 
neath the  amorphized  layer  has  been  found  in  this  work  to 
be  quite  important.  In  typical  high-dose  implanted  Si  junctions. 


this  layer  is  located  at  the  p-n  junction  region.  Isochronal 

+ 


annealing  studies  on  diodes  fabricated  from  -implanted  Si 
may  reveal  the  nature  of  this  residual  damage  and  the  optimum 
annealing  procedure. 

(3)  TEM  Studies  on  high-dose  implanted  Si  would  be  useful,  particularly 
if  it  is  correlated  with  electrical  measurements.  TEM  is  a 
powerful  technique  for  revealing  dislocations  and  clusters  of 
defects.  Although  DLTS  can  measure  the  electrical  properties 
of  the  residual  damage,  the  microstructure  inside  the  sample 
should  be  examined  by  TEM. 
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It  would  be  particularly  interesting  to  examine  Ga+-implanted 
Si  by  TEM.  Changes  in  the  crystalline  microstructure  might  provide  some 
basic  understanding  of  the  oversaturation  effect  in  600°C  recrystallized 
Ga+-implanted  material  (Fig.  7.4)  and  its  loss  of  activity  after  annealing 
above  900°C  (Fig.  7.5). 

In  conclusion,  this  work  has  identified  the  characteristics  of 
electrical  activation,  impurity  migration,  and  residual  damage  of  high- 

•J- 

dose  BF2  , Si  + B , or  Ga  implanted  Si,  and  correlated  these  character- 
istics with  the  effects  of  recrystallization  in  amorphous  Si  and  damage 
in  crystalline  Si.  It  also  resolves  the  surface  contamination  problem 
introduced  by  high-dose  implantation. 
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APPENDIX  2 


Computer  Programs  for  Analysis  of  Differential 
Resistivity  and  Hall  Effect  Data 


U .S<  K ) = 14 II ( K ) / ( H3(  K ) «HCK) 

<;.s(  K J = net  / ( I .6(1?  19  £-  ly  »«H(  K ) ) 
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APPENDIX  3 


Capacitance  and  Differential  Capacitance -Voltage  Measurement 


There  are  many  different  methods  for  profiling  low-concentration 
carrier  profiles  by  capacitance-voltage  measurement.  Our  system  is  based 
on  a second-harmonic  principle. 


Ill . 1 . Principle 

When  a test  diode  is  reverse  bias  by  Vq,  a small  signal  asintut 
is  applied  in  addition  to  the  reverse  bias.  The  space  charge  then  varies 
as 

dQ  ■ C(v)dv 

■ C(VQ  + dv)dv 
- C(VQ)dv+  C'  (VQ)d2v  + .... 
where  v = Vq  + asintut 

The  small  current  changes  due  to  dQ  as 


i 


. aft 

dt 


- C(VQ)  acucosuxt  + ^ (VQ)  m sin2tut  + 


We  neglect  all  terms  higher  than  the  2nd  power.  Therefore,  capacitance 

C(Vq)  is  proportional  to  the  first  harmonic  term  of  i,  90°  out  of  phase. 

dC/dV  is  proportional  to  the  second  harmonic  term  in  i,  in  phase. 

By  using  a PAR  181  current -sensitive  preamplifier  and  a PAR  186  lock-in 

dC 

amplifier,  we  can  plot  C-V  and  — - V directly  on  an  X-Y  recorder 


(Fig.  2.4). 
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HI. 2.  Procedures  for  measurement 

1.  Calibrate  the  system  with  the  standard  capacitor. 

2.  When  the  calibration  is  complete,  remove  the  standard  capacitor 
and  Incorporate  the  test  diode  into  the  system  as  shown  in 
Fig.  2.4. 

3.  Make  a C-V  plot,  where  reference  frequency  is  f. 

4.  Retard  the  phase  90°  with  the  PAR  186  phase  switch. 

Then  set  reference  frequency  2f. 

5.  Adjust  the  sensitivity  in  the  PAR  186  and  X-Y  recorder  and 
record  the  ranges . 

6.  Make  a second  harmonic  plot. 


III. 3.  Computer  program  for  data  analysis 
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APPENDIX  4 


Hyperabrupt  Junction  Voltage  Variable 
Capacitors  Achieved  by  Ion-Implantation 

To  demonstrate  the  versatility  of  doping  by  ion-implantation, 

voltage  variable  capacitors  (varactors)  suitable  for  linear  tuning  have 

been  successfully  fabricated  by  using  ion-implantation  and  an  Al-Si 

Schottky  barrier.  Multiple  implants  of  boron  into  a p^feype  silicon  wafer 

~2 

are  used  to  synthesize  an  impurity  profile  N^-Np  = Bx  . The  energies 

and  doses  of  multiple  implants  are  calculated  by  a computer  program, 

which  gives  the  optimal  summation  of  Gaussians  to  construct  the  desired 

-1  9 

profile.  The  varactors  with  this  profile  have  C * K(V  +V^) 

characteristics  over  a factor  of  three  change  in  capacitance,  where  V is 

an  applied  reverse  bias  and  V^  is  a constant  voltage  due  to  the  lack  of 

an  infinite  impurity  concentration  at  the  surface  (Fig.  A.l). 

An  impurity  profile  measured  by  the  differential  capacitance 

3 

-T 

technique  shows  the  device  has  the  desired  electrically  active  Bx 
profile  (Fig.  A. 2).  The  capacitance  varies  with  the  -1.9  power  of  voltage 
instead  of  the  -2.0  power.  This  may  be  attributed  to  the  discrepancy 
between  the  LSS  computed  profile  and  the  electrically  active  profile. 


u 


li 

0 

0 

0 

0 

0 


1 

I 


A.l.  Electrical  carrier  concentration  and  computed  atomic  profiles  for  a 
varactor  fabricated  by  multiple  Implants  shown. 
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C-V  relationship  for  varactors  synthersizing  N - N « 
Implants.  is  the  constant  off-set  voltage  aue  tc 
infinite  impurity  concentration  at  the  surface. 
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